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Introduction

Spray coating experiments: 
Setups and methodologies
�Objects, tools, and structures that are designed for specific 
applications have specific requirements. In this context, the 
choice of materials is of crucial importance. However, it is 
difficult for a single material to meet all the requirements 
for a particular application. This is where coatings come 
into play. Coatings are used in the same way as other pro-
cesses – such as heat treatments or alloying – to improve 
the properties of a material and adapt it to an application’s 
requirements.

Coatings provide various properties, such  
as corrosion/wear resistance, hardness 
enhancement, tailored textures, thermal and 
electrical insulation, and tailored wettability.[1] 
In addition, coating processes provide tools  
for the fabrication of layered nanocom-
posites, which play a key role in funda-
mental science and technology.[2, 3]

There is an extensive variety of coating meth-
ods. However, due to their effectiveness and 
applicability, the most employed ones include 
physical vapor deposition, chemical vapor 
deposition, sol-gel, and spray coating.[4] 

Spray coating is a technique based on the 
impingement of particles onto a surface, 
and it constitutes a widespread method for 
rapid, large-scale homogeneous coating. 
Spray deposition is relevant for a broad range 
of applications, like energy-saving and stor-
age applications, photovoltaic, foils, semi-
conductors, and catalysis, among others.[5] 
Moreover, spray coating enables simple lay-
er-by-layer (LbL) approaches and easy depo-
sition of functional layers on flexible sub-
strates and devices, especially electrodes.[6] 

Spray coating can be roughly classified into 
two groups: thermal spray and cold spray. The 

main difference between them is that the cold 
spray technique does not require a combustion 
process like most thermal spray applications. 
Cold spray relies on kinetic energy using high 
speeds to deform the material particles and 
adhere them to the surface of the object. Cold 
spray and thermal spray differ in the coating 
materials and the resulting coating properties.

Thermal spray coatings use a heat source – 
plasma, electrical, or chemical combustion – to 
melt a series of specific materials and spray the 
melt onto the surface at a high jet speed. The 
coating thicknesses achieved range from 20 µm 
to several millimeters, which is significantly 
higher than the thickness offered by electro-
plating, chemical vapor deposition, or phys-
ical vapor deposition processes.[7] The feed-
stock for thermal spray coatings ranges from 
refractory metals and metal alloys to ceram-
ics, plastics, and composites, and can easily 
cover a relatively large surface area of a sub-
strate.[7] The most common types of thermal 
coating processes are plasma, detonation, hot/
cold, high-velocity air fuel (HVAF), high-veloc-
ity oxygen (HVOF), flame, and arc spraying.[4]

There are two main types of cold-air spray-
ing: low-pressure and high-pressure perfor-
mance. Some cold-air spray systems use com-
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pressed air to turn the coating liquid into a fine 
mist that is sprayed onto the target. The com-
pressed air exerts high pressure on the coating 
fluid exiting the nozzle, which then impacts the 
remaining air at high velocity. At this moment, 
the coating liquid is split and slowed down 
due to the air resistance and then turns into a 
mist before reaching the target, as schemat-
ically shown in Figure 1a.[8] Different prod-
ucts are available depending on the target 
area, required efficiency, and coating purpose.

Other systems, such as ultrasonic spray sys-
tems, are equipped with an atomization sur-
face chip at the end of the nozzle. The vibra-
tion generated by the ultrasonic waves causes 
the coating liquid to spread on the chip, and 
surface rippling occurs. When the ultrasonic 
power exceeds the surface tension, the liq-
uid drips from the surface as a fine mist (Fig-
ure 2c).[9] Because these systems can produce 
fine and uniform droplets, they are suitable 
for uniform coating of a limited area. Another 
advantage is that material loss is very low 
because the system causes almost no splash-
ing or unnecessary dispersion of the coating 
liquid. The nozzle can be selected from many 
different lengths, sizes, and shapes depend-
ing on the purpose. The thickness and qual-
ity of the coating film can be controlled by 
adjusting the required flow rate and vibra-
tion frequency to ensure a uniform coat-
ing fluid spray. Applications of these systems 
include insulating and conductive coatings 

on electronic components, semiconduc-
tor photoresists, hard coatings, anti-glare, 
and hydrophobic and oleophobic coatings.

Finally, in electrospray systems, the coating liq-
uid is charged with static electricity by applying 
several thousand volts in the nozzle. The liquid 
is then transformed into a fine mist by electro-
static repulsion. The mist of the coating liquid 
is attracted to the surface of the target, which 
is located on a grounded stage. These systems 
can be used for liquids with different viscosi-
ties as well as pastes, slurries, and liquids with 
filler dispersions. The result is a uniform film, 
even on substrates with uneven surfaces. Since 
almost all the coating liquid can be applied only 
to the surface of the substrate, the efficiency of 
liquid consumption is significantly higher than 
with typical air spray coaters and spin coat-
ers. As a result, material costs can be reduced.

Spray coating technology, with its many vari-
ations, is a versatile tool for producing sin-
gle layers in the nanometer to millimeter 
range. This versatility is of key interest in the 
field of coatings and films. In addition, spray 
coating processes offer several advantages, 
such as high speed, large manufacturing 
area, and low cost, which make them attrac-
tive for the production of the multilayer com-
posites used in various technology areas.

Figure 1: a) Liquid hollow cone nozzle (pressure swirl nozzle) adapted with dispersion gas nozzle (discrete jet nozzle); 
cross-sectional view at the nozzle center plane, illustrating the gas inclination angle, α. b) Top view of two discrete jet noz-
zles, illustrating the influence of the gas swirl angle, β on the orientation of dispersion gas outlets.[8]
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Figure 2: a) Cross-section of the used ultrasonic spray nozzle. b) Track followed 
during deposition. c) Ultrasonic atomization principle at the atomizing surface.[9]
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A new paradigm for  
scalable fabrication of 
multilayer dielectric  
elastomer actuators
A. J. Cohen, M. Kollosche, M. C. Yuen, et al.

�Multilayer dielectric elastomer actuators have a wide 
range of potential applications, but their development and 
commercial implementation have been hindered by exist-
ing manufacturing processes. Existing processes are low 
throughput, limited in area, and/or can only process a nar-
row range of elastomers. This study presents a novel fabri-
cation paradigm that overcomes these challenges: instead 
of sequentially patterning electrodes directly onto suc-
cessive elastomer layers, electrode stamps are patterned 
onto a carrier film in an independent batch-spray process, 
and the electrodes are then stamp-transferred onto each 
elastomer layer. The capabilities of this process to produce 
useful devices are demonstrated with a large-area loud-
speaker and an actuator with 60 active layers.

INTRODUCTION

More than 20 years after Pelrine et al.[1] cata-
lyzed research into soft, energy-dense dielec-
tric elastomer actuators (DEAs), DEAs are still 
not commercially relevant. Many challenges 
have already been addressed; however, the 
manufacturing of multilayer DEAs (MDEAs) 
remains a barrier to their widespread adoption.

MDEAs are crucial for generating large forces 
and displacements without excessively high 
voltages. Comprised of tens to hundreds of 
thin (typically 10–100 µm) DEA layers that 
have been stacked atop each other, MDEAs' 
force and displacement outputs scale propor-
tionally with the number of layers, and they 
can be arbitrarily scaled to meet the applica-

tion-specific force and displacement require-
ments without requiring changes to actua-
tor design, materials, or drive electronics.

Fabricating MDEAs remains a key techni-
cal challenge for their widespread use. First, 
many electrode layers must be alternated 
with an equal number of thin, delicate elas-
tomer layers. Second, these electrodes must 
meet several performance requirements: they 
must be conductive (<100 kΩsq.−1), stretch-
able (>100% elongation), and contribute min-
imal stiffness to the MDEA composite struc-
ture (<10%). Finally, they must not reduce 
the breakdown strength of the elastomer. 

For scalability to an industrial process, it must 
also be possible to produce large-area elec-

01
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trodes and quickly deposit them onto the elas-
tomer surface. To be useful in a variety of 
applications, the electrodes must also be com-
patible with a wide range of elastomers.

We propose the following criteria should be 
met by a laboratory-scale MDEA fabrication 
process: 
1) �high throughput (10 layers h−1).
2) �large electrode area (at least 250 × 250 mm).
3) �a wide range of compatible elastomer 

materials. 

Electrode deposition processes in which a 
wet electrode ink contacts an elastomer 
layer tend to introduce complications due 
to the many solvent-elastomer interactions, 
which might cause dimensional changes 
and long-term degradation under an elec-
tric field. This either leads to a limited set 
of usable elastomers or significant tuning, 
which could slow the process's adoption for 
new applications. Scaling to industrial lev-
els also requires that each subprocess does 
not impose fundamental physical or practi-
cal limitations on the key criteria of through-
put, electrode area, or compatible elastomers.

Our multilayer DEA fabrication method, illus-
trated in Figure 1, overcomes these chal-
lenges by splitting electrode deposition into 
two independent processes: electrode spray-
ing and electrode stamping. First, carbon black 
(CB) electrodes are sprayed onto a masked 
substrate in large batches. The electrodes, 
made of a network of loose powder, can then 
be quickly and easily stamp-transferred onto 
successive elastomer layers to construct the 
MDEA. This dramatically reduces the sequen-
tial portion of electrode deposition that lim-
its throughput, allowing us to achieve 15 lay-
ers h−1 at laboratory scales. The batch spray-
ing is also easy to scale to larger electrode 
areas by modifying the size of the spray gan-
try's raster path and using larger substrates. 
Unlike wet-deposition methods, dry stamp-
ing also has no solvent-elastomer interactions, 
which would otherwise limit compatible elas-
tomers or need intensive tuning of the process 
for each elastomer. This allows for the process 
to be used with a wide range of elastomers 
with minimal tuning. The modularity of the 
batch-spray and stamp-transfer paradigm pro-
vides a flexible platform that may be custom-
ized to meet application-specific requirements.

Figure 1: Diagram of the batch-spray and stamp-transfer process. a) CB electrodes are batch-sprayed. a1) A 
magnetic mask with a stencil of the desired pattern is aligned with pins and placed atop the PTFE carrier film. 
a2) CB ink is atomized and sprayed onto the masked carrier film. a3) The magnetic mask is removed, and the 
carrier film with patterned electrodes on it is removed from the jig. a4) A sheet of polyethylene terephthalate 
(PET) is placed on top of the electrodes, and a roller is used to apply pressure and reduce peaks on the elec-
trode surface. a5) The roll-treated electrodes are stored in an oven at 70 °C (158 °F) to keep them dry until they 
are used. b) An elastomer layer is deposited. b1) Elastomer precursor is deposited on top of the last electrode 
layer and is then b2) cured with UV light or a heat source depending on the elastomer cure requirements. 
While this diagram uses doctor blading as a representative elastomer deposition process, other deposition pro-
cesses could be used. c) An electrode is stamped onto the elastomer surface. c1) A face-down electrode is 
aligned with the multilayer using alignment pins; c2) a roller applies pressure to the back of the carrier film, en-
suring consistent contact and transfer of the CB powder to the elastomer; and c3) the carrier film is lifted away, 
leaving the electrode patterned on the surface. Steps (b) and (c) are repeated until the desired number of layers 
has been reached.

http://advancedopticalmetrology.com
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RESULTS

Fabrication Process
For this study, we used CB dispersed in iso-
propanol (IPA) as a sprayable electrode dis-
persion. Both CB and IPA are inexpensive and 
widely available, making the ink cheap and 
easy to produce. The ink was dispensed with 
a peristaltic pump, broken into micron-sized 
droplets with an ultrasonic atomizer (Son-
aer, NS130K), and ejected onto a polytet-

rafluoroethylene (PTFE) carrier substrate 
that has been masked with a vinyl-cut mag-
netic stencil of the desired electrode pat-
tern. This powder stamp can transfer even 
to minimally tacky elastomers. Moreover, it 
avoids an extra binder-curing step and does 
not contain any solvent that could swell or 
bead up on the elastomer layer it contacts.

After the electrodes are sprayed, we mechani-
cally treated them to roughly double the break-

Figure 2: Effect of mechanical treatment on electrode topology and DEA breakdown strength. a) 
An Olympus OLS4000 laser microscope was used to obtain a height map of the surface of an un-
treated electrode while it was still on the PTFE carrier film. Many high peaks of about 10 μm are vis-
ible. b) After mechanical treatment, these peaks are dramatically reduced. As shown by this repre-
sentative height map of an electrode after treatment, peaks higher than 5 μm are mostly 
eliminated. c) Six 256 × 256 μm images were taken at random points across electrodes from the 
same batch, before and after mechanical treatment. Peak-finding code was used to identify all 
peaks in the 2D image space, and the distribution of their heights is plotted as a histogram. Peaks 
shorter than 0.5 μm are not shown. The higher peaks have been dramatically reduced in number 
because of the treatment. This likely reduces localized surface stresses and field concentrations that 
would cause a premature electrical breakdown. d) The Weibull plot shows 11 treated and nine un-
treated specimens tested to failure. Each data point represents the breakdown field of a single 
specimen, fit to a Weibull distribution. The plot indicates that the treated specimens show over 
100% higher breakdown strength Eb compared to the untreated – 33.5 versus 15.7 V μm−1. The 
treated electrodes are also more consistent, with a Weibull shape factor of βtreated = 8.84 versus  
βuntreated = 4.75.
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down strength. A roller is used to apply pres-
sure to a layer of PET atop the sprayed elec-
trode, and this step is repeated a second time. 
Figure 2 shows how this produces a much 
flatter topology, reducing the prevalence of 
peaks higher than 5 µm from 120 to 13 mm2. 
This reduction in peaks can lower the electri-
cal field concentrations, which could result 
in premature dielectric failure (breakdown). 

The electrodes are assembled into MDEAs by 
using pins and precut alignment holes in the 
substrates to align them with a cured elasto-
mer substrate. In this study, we used Elasto-
sil P7670 A/B (Wacker Chemie AG). To ensure 
that the CB transfers to the elastomer, a roller 
was then used to apply pressure to the back 
of the carrier film. Figure 3 demonstrates how 
the CB transfers to the elastomer as the carrier 
film is peeled off the elastomer. The final thick-
ness of the transferred electrode on the P7670 
is approximately 240 nm. The entire alignment 

and stamping process requires approximately 
1–2 min by hand and could be accelerated 
with an automated roll-to-roll setup. Because 
the carrier film is flexible, it is also possible 
to transfer electrodes onto curved surfaces.

An elastomer layer is then deposited, degassed, 
and cured on the existing stack, and an elec-
trode is stamp-transferred. This procedure 
is repeated until the desired number of lay-
ers has been reached. Excluding the elasto-
mer-dependent cure and degas times, this 
process takes only 4 min per layer (2 min 
each for the deposition and transfer steps). 

Each of the batch-spray and stamp fabrica-
tion steps could also be implemented as a 
roll-to-roll process to dramatically increase 
throughput and electrode area for industri-
al-scale production. The carrier film and mask 
are already sheets, and thus could be eas-
ily processed as a web. The web would also 

Figure 3: The electrode stamp-trans-
fer process is demonstrated with a set 
of breakdown test electrodes on a 30 
µm P7670 film spin-coated onto an 
acrylic substrate and cured. After the 
previously described mechanical treat-
ment, the full 300×300 mm sheet 
was cut with scissors into fourths for 
transfer onto a smaller, 150 mm di-
ameter substrate. a) Precut alignment 
holes in the PTFE carrier film are 
aligned with pins in corresponding 
alignment holes in the acrylic sub-
strate. b) The carrier film is rolled out 
onto the elastomer substrate. c) A 
roller is used to stamp-transfer the 
electrodes onto the elastomer. d) The 
PTFE film is removed and either dis-
carded or cleaned and reused. After 
this step, an anti-static gun is used on 
the surface to prevent dust accumula-
tion. e) An overhead view of the final 
transferred electrode. f) Effect of 
transferring the electrode from carrier 
film to various elastomer substrates. 
Each bar represents the mean sheet 
resistance of 20 mm specimens 
(n = 3) measured both before and af-
ter the transfer operation using a 
4-point probe. Error bars represent ± 
one standard deviation.

http://advancedopticalmetrology.com
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serve to align each element. Similarly, elas-
tomers could be deposited on a web using 
doctor blading and the electrode could be 
stamped and treated using rolling presses. 
The ink deposition can be accelerated by sim-
ply setting a higher flow rate on the pump, 
making the ink in larger batches, and mov-
ing the web underneath a row of nozzles.

ELECTRODE CHARACTERIZATION

The resistance-strain behavior of the electrodes 
was examined using a dog bone-shaped elec-
trode design stacked into multilayers of five 
30 µm elastomer layers and four 10×25 mm 
electrode layers. A comparison of a set of sam-
ples with and without CB electrodes indicates 
no impact of the electrodes on the stiffness 
at either small or large strains. The electrodes 
also remained conductive until they mechani-
cally ruptured (at 225% strain). Furthermore, 
they exhibited suitable linearity below 100% 
strain with a gauge factor (GF) of 5.4±0.13 
for the chosen design. The measured resis-
tance during cyclic experiments exhibits hys-
teresis, but this hysteresis decreases and then 
stabilizes; the ratio of the area inside the hys-
teresis loop ΔA to the total area under the 
first loading curve A0 decreases from 14.8% 
on the first cycle to 6.7% on the 100th. 
These electromechanical characteristics may 
also make the electrode suitable for use as 
soft strain sensors or as energy harvesters.

Breakdown tests were performed on 
encapsulated single-layer DEAs produced with 
batch-sprayed electrodes. A 10 V s−1 voltage 
ramp was applied across the 32.7 µm P7670 
DEA layer until the device experienced electri-
cal failure (breakdown). As indicated in Figure 
2d, our DEAs had a breakdown strength of 
33.5 V μm−1 and a shape factor of 8.84. This is 
comparable to actuators made by Chortos [2] 
and Kiil [3], which achieved strengths of 25 and 
40 V μm−1, respectively. The upper bound of 
breakdown strength for a DEA, however, 
should be that of the pure elastomer. Using [4], 
we found the breakdown strength of the 
P7670 to be 64 V μm−1 with a shape factor of 
9.33.

Some of the difference between breakdown 
strength with and without CB electrodes is 
likely due to the contact area of the electrodes 
being approximately 20 times larger than that 
of the pure material test setup, increasing the 
chance of defects in the enclosed elastomer. 
The remaining defects in the electrodes likely 

also reduce the breakdown strength, reducing 
their relative influence by increasing the elasto-
mer thickness to 71.4 µm yielding an enhanced 
breakdown strength of 41.2 V µm−1. These 
breakdown characteristics may thus be further 
improved in the future by tuning the mechani-
cal treatment process or reducing the presence 
of agglomerations in the ink. This would 
enable even larger and more energy-dense 
actuators.

DEMONSTRATION OF DEVICES

A DEA subwoofer was selected to illustrate 
the functionalities enabled by the large elec-
trodes that can be produced with this process. 
The speaker is comprised of a 200 mm diame-
ter single-layer DEA stretched over an air-pres-
surized chamber. The DEA was created by first 
doctor-blading, degassing, and fully curing a 
70 µm film of P7670. Doctor blading is read-
ily scalable to large areas and is thus suitable 
for such large-area actuators. Electrodes pat-
terned into the shape of a quartered disk were 
then stamped onto either side of the film. 
Each quarter had connection tabs to allow 
for independent testing of each segment.

The speaker's four quadrants were connected 
to a single Trek 2220 high-voltage amplifier, 
and the speaker was inflated to an approxi-
mately hemispherical shape with less than 10 
kPa of pressure to enhance sound production. 
An audio file converted to a voltage signal was 
then supplied to the speaker via the ampli-
fier, and the resulting audio was measured on 
a Shure SM57 microphone placed 25 cm away 
from the apex of the speaker membrane. As 
shown in Figures 4b and c, the speaker suc-
cessfully replicated the input signal at the low 
frequencies required of a subwoofer. The max-
imum volume produced by the speaker was 
45.6 dB SPL, as measured by Decibelxon an 
iPhone 13 Pro positioned at the same distance 
from the speaker, just below the primary SM57 
microphone. Some noise can be heard from 
the sub-optimal recording environment. The 
buzzing in the audio can also be attributed to 
the method of clipping the audio signal when 
the supplied voltage would have exceeded the 
maximum voltage output of the amplifier. 

An MDEA with 60 active layers was also fab-
ricated to showcase the ability of the process 
to produce actuators with many layers. The 
MDEA is comprised of 12 stacks of seven elas-
tomer and six electrode layers each (the outer 
two elastomer layers are inactive, and only 
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serve to encapsulate the electrodes). Each of 
the elastomer layers was doctor-bladed to 
a thickness of 70 µm and stamped with 15 
mm diameter disk-shaped electrodes. These 
stacks were punched manually with a 17.5 
mm hammer-driven hole punch and then 
manually laid atop each other to create the 
6.0 mm-tall, 17.5 mm-diameter cylindrical 
MDEA seen in Figure 6d. Colloidal graph-
ite paint was used to connect the exposed 
tabs of the electrodes to thin wires. The wire 
leads were then encapsulated in a small drop-
let of P7670 to prevent them from detaching.

The device was suspended by its connect-
ing wires in a free displacement condition, 
and its wires were connected to a Trek 2220 
amplifier. The amplifier actuated the device 
with a 200 Hz sinusoidal voltage signal rang-

ing from 0–2 kV. This caused the actuator to 
reach horizontal strains of 1.24% and ver-
tical strains of 1.23%. Strains were calcu-
lated by taking high-speed video with a Phan-
tom V2512 and using edge detection to find 
the perimeter of the device in each frame. 

CONCLUSION

We presented a high-throughput, large-elec-
trode MDEA fabrication process that works 
with a wide range of elastomer materials. 
This combination of qualities provides a path 
to industrial-scale production of MDEAs. The 
electrodes produced via this process have 
been shown to be stretchable beyond 200%, 
add negligible stiffness to the soft struc-
ture, maintain their strain-resistance behav-

Figure 4: a) A view of the speaker from the front. The diameter of the membrane is 200 mm.  
b) A comparison of the speaker input and output spectrograms. Power measures are arbitrarily de-
fined relative to the strength of the overall signal, not relative to sound pressure levels. The speaker 
is able to reproduce the low-frequency sounds (20–200 Hz) expected of a subwoofer. The de-
creased signal to noise ratio of the output is due to a combination of sub-optimal recording envi-
ronment, relative weakness of the speaker compared to the original audio output, and clipping 
causing harmonic distortion at higher volumes. c) Side view of the 60-layer MDEA, with principal 
directions of strain indicated in orange and blue. The MDEA is suspended by its lead wires in a free 
displacement condition. d) Three selected strain cycles of the actuator in response to a 200 Hz, 
0–2 kV sinusoidal input signal are plotted. The device reaches horizontal strains of 1.24% and verti-
cal strains of 1.23%. 'Design improvements could likely yield increased strains in the future. Be-
cause only five out of seven elastomer layers were active and the electrodes were surrounded by a 
1.25 mm margin, only 52% of the actuator’s total volume was active.

http://advancedopticalmetrology.com
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ior over at least 100 cycles, and have break-
down strengths of 33.5 V µm−1. A large-
area DEA subwoofer and 60-layer MDEA 
demonstrate the capabilities achievable 
with this batch-spray and stamp process. 

EXPERIMENTAL SECTION

Ink preparation: The electrode ink was pre-
pared by dispersing Printex CB in IPA at a ratio 
of 0.125 wt% (0.95 mg mL−1). The mixture was 
then sonicated in a glass bottle with a 12.5 mm 
diameter extended tip at an amplitude of 75% 
for 10 min, yielding an energy density of 420 
J mg−1 of CB. To avoid significant sedimenta-
tion of the CB within the solution, a clean mag-
netic stir bar was placed into the bottle, and 
the bottle was placed on a magnetic stir plate. 

Substrate and mask preparation: A PTFE car-
rier film was prepared by laser-cutting align-
ment holes. These holes allow for precise align-
ment of the carrier film and pattern mask 
during spraying and the electrode and multi-
layer substrate during electrode stamping. It 
was then cleaned with distilled water, IPA, ace-
tone, IPA again, and distilled water again and 
blown dry to remove any residual contami-
nation. The mask material was a flexible, 750 
µm thick sheet of magnetized iron filings in a 
vinyl binder matrix. It can be reused for mul-
tiple batches of electrodes. The PTFE carrier 
film was placed onto a steel jig and the mag-
netic mask was placed atop it. The mask’s 
magnetic attraction to the jig formed a tight 
seal around the edges of the pattern, ensur-
ing sharp features. This jig assembly was then 
placed onto a hot plate set to 80 °C (176 °F).

Batch spraying procedure: A tube was inserted 
through the jar's lid, and a peristaltic pump 
dispensed the ink through this tube at a rate 
of 0.8 mL min−1. An accumulator was con-
nected at a junction in the line to prevent back-
flow and smooth flow variations. The ink then 
flowed into an atomizing nozzle which broke 
the stream into micron-scale droplets. These 
droplets were expelled from the nozzle using a 
60 kPa air supply onto the surface of the car-
rier film, which was mounted 10 cm below 
the nozzle. The nozzle was mounted on a cus-
tom-built gantry, which swept the nozzle back 
and forth in a raster pattern over the surface 
of the carrier film. The sweep was repeated 
eight times at a feed rate of 2,000 mm min−1, 
with 1 cm spacing between raster lines. The 
full path over a 300×300 mm sheet required 
approximately 30 min to complete. Once the 

deposition was complete, the carrier film was 
removed from the heat plate and covered.

Mechanical treatment: Once the PTFE carrier 
film had cooled to room temperature, the CB 
electrode on the carrier film was treated by 
manually pressing a sheet of 125 µm polyeth-
ylene terephthalate (PET) onto it with a rub-
ber roller with approximately 100 N of force. 
An anti-static gun was used to remove static 
from the sample's surface, which would other-
wise attract dust particles. Once the electrode 
had been treated, it was covered and stored in 
an oven set to 70 °C (158 °F) to keep it dry.

Stamp transfer testing: To characterize the 
transfer of CB electrodes from the PTFE carrier 
to the elastomers, a batch of 25 electrode disks 
with diameters of 20 mm was sprayed and 
treated using the procedure described above. 
Sheet resistance was measured while the elec-
trodes were still on the PTFE carrier using a 
4-point probe connected to a Keithley 6221 
current supply and Keithley 2182A nanovolt-
meter. To avoid edge effects that could affect 
the measurement of sheet resistance, the 20 
mm diameter of the electrodes used for test-
ing sheet resistance was larger than that of 
the breakdown samples. LabView software 
was written to supply current and measure 
the resulting change in voltage. This was per-
formed at three voltage steps and a line of 
best fit was taken to determine the resistance. 

Films of various elastomers were produced 
by spin-coating onto glass or acrylic sub-
strates. They were then allowed to completely 
cure. In the case of VHB 4910, a 1 mm thick 
tape was adhered to thick 250 µm PET, with 
no extra curing required. Each of these elas-
tomers was treated with an anti-static gun 
and placed in a large petri dish to prevent 
dust from accumulating on the exposed sur-
face. For each elastomer, three disk electrodes 
were chosen as transfer samples. These elec-
trodes were transferred to the elastomer sur-
face using a soft roller to apply pressure. 
Immediately after the transfer, the sheet resis-
tance was measured with the 4-point probe.

Breakdown testing: Breakdown tests were per-
formed on single-layer DEAs 15 mm in diame-
ter. The elastomer layer was produced by spin 
coating the uncured P7670 precursor onto 
a circular acrylic substrate at 1,500 RPM for 
60 s. This yields a layer thickness of 32.7 ± 
0.7 µm. The precursor was then degassed in 
a vacuum chamber at room temperature for 
approximately 4 min and cured in an oven at 
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70 °C (158 °F) for approximately 4 min under 
a normal atmosphere. Once removed from 
the oven, batch-sprayed 15 mm diameter CB 
electrode disks were stamp-transferred onto 
the P7670. This was repeated once to form 
the DEA structure and then a final spin-coat-
ing step was used to encapsulate the paral-
lel electrodes. The encapsulation best repro-
duced the conditions of an MDEA structure.

The design was electrically connected by cut-
ting through the thickness of the devices and 
applying colloidal graphite paint to the exposed 
cross-sections. The paint was then extended to 
copper tape contacts, which were attached to 
the leads of a Trek 610 E high-voltage amplifier.

Breakdown tests were performed by apply-
ing a linear voltage ramp of 10 V s−1 up to 2 
kV with the current limit set to 30 µA. The cur-
rent was monitored, and the test was termi-
nated once the operator noticed a sustained 
surge in current. The breakdown voltage 
was specifically defined as the highest volt-
age at which the current through the capac-
itor was below 1 µA for at least 0.25 s. This 
accounted for transient current spikes which 
occur before a catastrophic breakdown of the 
device. The voltage was divided by the elasto-
mer thickness to yield the breakdown field.

Electrode tensile testing: Samples were pre-
pared using patterning dog bone-shaped elec-
trodes whose central beams were 25×10 mm. 
Four of these were stamped onto successive 
doctor-bladed elastomer layers, each 30 µm 
thick. These samples were then cut out with a 
stencil to yield a rectangular sample of 40×25 
mm. Sections of the elastomer without any CB 
on it were similarly cut out to yield the elas-
tomer-only samples, which were controlled 
for any change in stiffness due to the succes-
sive deposition and curing processes. The rect-
angular CB composites were then sliced such 
that the ends of the embedded electrodes 
were exposed. As with the breakdown sam-
ples, Pelco colloidal graphite paint was used 
to connect the electrodes to copper leads, to 
which the LCR meter's leads were attached.

For the resistance-strain characterization, 
an Instron tensile testing machine (5544A) 
equipped with a 10 N load cell was used 
to apply strains. All experiments were per-
formed with a strain rate of 1% s−1. The elec-
trode resistance was continuously measured 
with an LCR meter (Keysight E4980A) used in 
the CsRs mode at a frequency of 100 Hz with 
a 2 V medium average. To allow a synchro-

nous recording of force, strain, and resistance, 
a LabVIEW program was designed to con-
nect the LCR meter with the control software 
of the Instron tensile tester (Bluehill V4.29). 
The rupture experiments were performed 
after first applying the 100 cycles of loading.

MDEA demonstration device fabrication and 
assembly: The 60-layer MDEA demonstration 
device was created by fabricating 12 shorter 
MDEA stacks and then assembling them into a 
single taller meta-stack. Each of the stacks was 
created in a single batch. The electrodes were 
of the same design as those used in break-
down experiments: 15 mm diameter disks with 
connection tabs. A mask with 72 of these elec-
trodes on it was designed such that electrodes 
were grouped into six sets of 12 electrodes 
each, with each set having its own alignment 
holes. The electrodes were then spray-pat-
terned as described in Section 2.1. A doctor 
blade was used to deposit a 70 µm Elasto-
sil P7670 precursor layer on top of the exist-
ing stack. After degassing and curing the layer 
for 4 and 5 min, respectively, the layer was 
stamped with a set of 12 electrodes. This pro-
cess was repeated for seven elastomer layers 
and six electrode layers, producing 12 stacks 
of five active layers each (the outer two elasto-
mer layers serve only as encapsulating layers, 
and do not actuate). Each of the 12 stacks was 
then manually punched out using a 17.5 mm 
hammer-driven hole punch, cutting through 
the connection tabs. The 12 stacks were com-
bined into a taller stack by aligning them visu-
ally and laying them on top of each other, 
ensuring that no creases or bubbles were pres-
ent. Colloidal graphite paint was applied to 
the side walls of the meta-stack where the 
connection tabs' cross sections were exposed. 
More graphite paint was used to electrically 
connect highly flexible 40 AWG wires to the 
tabs. These flexible wires were used to provide 
power and approximate free boundary condi-
tions on the device and facilitated the manipu-
lation of the stack. A droplet of P7670 precur-
sor was then applied to the wires to mechan-
ically affix them to the top of the stack.

MDEA strain measurement: A Phantom v2512 
recorded the actuation of the MDEA at 4,000 
fps with 1080p resolution. A custom Mat-
lab image analysis program imported each 
frame and, using Canny edge detection, iden-
tified the edges of the image. Exterior edges 
were identified as those that were the maxi-
mum or minimum edge pixels in a given row 
or column. The average distance between 
these exterior edges was used to measure 

http://advancedopticalmetrology.com
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strain in each direction relative to the dis-
tance in a resting frame. To account for tran-
sient, erroneous detections of edges, outli-
ers were removed from distance measure-
ments before the average was calculated.

Elastomer layer thickness measurements: 
Breakdown sample layer thicknesses were 
determined by cutting through the multi-
layer structure and imaging the cross-section 
on an Olympus OLS4000 laser microscope. 
Measurements were made in the accompany-
ing Olympus software by measuring the dis-
tance between manually placed reference 
lines on the electrodes that bound the cen-
tral elastomer layer. We took one image from 
each of the three breakdown specimens.

Statistical analysis: Measurement values 
are reported as the mean value ± one stan-
dard deviation. Sample sizes are denoted in 
the main text alongside reported values.
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Thick polymer films with 
self-healing, UV-protection,  
and anti-fog properties
N. H. Kashem, X. Liu, Z. Ding, et al.

�A high-performance and multifunctional layer-by-layer 
(LbL) film was fabricated by using a spin-spray-assisted 
(SSA-LbL) assembly method with poly(diallyldimethylam-
monium chloride) (PDDA) and poly(acrylic acid) (PAA). 
The SSA-LbL method was found to be more efficient and 
a time-saver in making a homogeneous thick film in tens 
of micrometers. When scratches occur, the film shows a 
quick and durable self-healing capability due to the dy-
namic movement of the flexible polyelectrolyte complex 
chains at the edges of the scratches. An effective UV-block 
performance was incorporated into the film by using 
graphene oxide (GO) and titanium dioxide (TiO2) nanopar-
ticles. Due to the hydrophilic feature of PDDA/PAA mole-
cules, the film also showed anti-fog properties in different 
environmental conditions. 

INTRODUCTION 

Incorporating multiple functionalities in a film 
requires sophisticated surface design tech-
niques. Usually, multifunctional thin film coat-
ings are fabricated using techniques such as 
layer-by-layer (LbL) film deposition due to the 
advantages of facile fabrication technique, 
cost-effective process, and broad application 
areas.[1] The fabrication methods of LbL films 
include immersive, spin, and spray techniques, 
which are all based on the deposition of oppo-
sitely charged species on a specific substrate. 

The immersive method has the problems of 
material wastage and time consumption. Addi-
tionally, it is not feasible for applications that 
need film coatings with micrometer thick-
ness. The spin coating has been widely used to 
disperse the high-viscosity materials on the pla-

nar substrate and create highly organized mul-
tilayers.[2, 3] The spray coating offers the advan-
tage of easy up-scalability.[4] Herein, an SSA-LbL 
film assembly technique was developed to fab-
ricate a thick polymer film considering time and 
material-saving and compared with other LbL 
assembly methods. Using the SSA-LbL tech-
nique, a novel multifunctional LbL film with 
self-healing, UV-protective, and anti-fog prop-
erties has been prepared using poly(diallyldime-
thylammonium chloride) (PDDA) as polycation 
and poly(acrylic acid) (PAA) as polyanion.[5, 6] 

One of the unique properties of LbL-assem-
bled multilayer films is the ability to self-heal. 
Due to the dynamic chemical bonds, the 
PDDA/PAA film showed intrinsic self-heal-
ing behavior when it is in contact with water 
or exposed to high relative humidity.

02



Page 16 | Volume 13	 Spray coating experiments: Setups and methodologies

◀  back to content

Due to increasing environmental pollution and 
ozone layer depletion, serious health risks such 
as skin cancer are increasing due to UV radia-
tion.[7, 8] Hence, products with UV protection 
have been applied to industries, such as cloth, 
umbrellas, and sunhats. UV-protection coat-
ing is an approachable method to achieve UV 
shielding by adding specific functional addi-
tives. In addition, antifog surface coatings 
are an attractive and widely focused topic in 
material research as this phenomenon regu-
larly occurs in our daily lives, causing incon-
veniences such as reduced visibility and secu-
rity. In this study, as PDDA and PAA are both 
polyelectrolytes, the film is expected to absorb 
water and function as an antifog surface.

EXPERIMENTAL 

PDDA (Mw <10,000) and PAA (Mw = 10,000, 
20 wt% aqueous solution) were obtained 
from Sigma. GO (C/O = 3.49, 5 mg/mL aque-
ous solution, 0.7–1.2 nm thickness) was 
obtained from the Goographene Company. 
TiO2 nanoparticles (10–30 nm) were purchased 
from Skyspring Nanomaterials, Inc., and deion-
ized (DI) water was used as the solvent.

The polycation solution was prepared by mix-
ing PDDA (1 and 10 wt%) solution with GO 
dispersion solution (1 mg/mL) under contin-
uous stirring. The pH was adjusted to 10.5 
with 1 M HCl and 1 M NaOH after stirring for 
1 h at room temperature. The polyanion solu-
tion was prepared by mixing the TiO2 particle 
suspension with the PAA solution. First, TiO2 
nanoparticle suspensions (0.5, 2, 3, and 4 mg/
mL) were prepared by ultrasonic homogenizer 
(VWR Analog Vortex Mixer, Marshall Scientific, 
United States). Then, the PAA solution (5 and 
1 wt%) was added to the different concen-
trations of nanoparticle suspensions, respec-
tively. The pH of the prepared solution was 
tuned to 3.0 with HCl (1 M) and NaOH (1 M).

A quartz slide was plasma treated for 10 min 
after cleaning with acetone. The first layer 
of LbL film was prepared by spraying the dis-
persion of PDDA-GO on the quartz slide for 
5 s with a fixed height of 20 cm (Master Air-
brush G22, United States), followed by putting 
the slide on the spin-coating machine (Laurell 
WS-650MZ- 23NPPB, United States) with the 
3 steps program. First, 2,000 rpm for 40 s to 
ensure the polyelectrolyte solution is evenly dis-
tributed on the substrate; then, the substrate 
was rotated at different spin rates (2,000, 
3,000, 4,000, and 5,000 rpm) for 1 min to split 

out the excess polyelectrolyte solution. Finally, 
the surface of the sample was dried by rotat-
ing at a rate of 1,000 rpm for 30 s. The second 
layer was made by spraying the suspension of 
PAA-TiO2 on the first layer for 5 s, similar to the 
abovementioned spin-coating program. The 
procedure was continued until the expected 
number of bilayers was achieved. In this pro-
cess, the PDDA-GO/ PAA-TiO2 film was referred 
to as (PDDA-GO/PAA-TiO2)*n, where n rep-
resents the number of deposited bilayers.

Roughness of the films was measured through 
AFM (Veeco/Digital Instruments, United 
States) with a silicon nitride oxide-sharp-
ened tip (NXHR, Nano-sensors, Germany). The 
position in the middle of each sample was 
imaged in tapping mode with a frequency 
range of 200–300 kHz on morphology.

A profilometer (DektaXT, Bruker Nano, 
United States) was used to measure the thick-
ness of different films. Moreover, the film 
growth kinetics was investigated by vary-
ing the concentrations of PDDA and PAA.

The cross-section of the films and the sur-
face structure in the self-restoration process 
were studied using scanning electron micros-
copy, SEM (Hitachi S-4300, Japan). The film 
was cut on the backside of the glass substrate 
and broken up by the hand. The samples were 
coated with gold and scanned under SEM at 
350x, 1,500x, and 10,000x magnifications.

The self-healing property was evaluated using 
two protocols: (a) healing at a relative humid-
ity (RH) of 80% and (b) healing in DI water. In 
test (a), the film on the glass substrate was cut 
with 40 μm of scratch on the surface, which 
was allowed to heal in a humidity-controlled 
glovebox (Electro-Tech Systems 5503-11 Mini 
Glove Chamber) at 25 °C (77 °F). The images 
of healing at the RH of 80% at various times 
were snapped by the transmitted microscope 
(EVOS imaging systems AMEFC4300). In test 
(b), a similar 40 μm of the scratched film was 
immersed in the DI water at 25 °C (77 °F) for 
40 s to heal the scratch. The whole process 
of self-healing was recorded by the Olympus 
BV53 microscope system. The percentage of 
cut recovery and recovery speed can be mea-
sured by using the following expressions:

Recovery % =            ×100
d0-dn 

d0

Recovery speed =            Recovery % 

t
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where d0 is the width of the original cut, and 
dn is the width of the cut after a certain time.

The transparency of the film was evaluated 
using a photo test. Photographs were taken 
using a GoPro (7th generation) with an object 
2 m (6.6 ft) behind the film samples with dif-
ferent concentrations of additions in polye-
lectrolyte solutions, PDDA + GO (1 mg/mL)/ 
PAA + TiO2 (1 mg/mL) and PDDA + GO (1 mg/
mL)/ PAA + TiO2 (2 mg/mL) with 10 bilay-
ers. In this process, the visibility of the object, 
situated behind the samples, can be used 
to evaluate the degree of transparency.

The optical properties of the films were inves-
tigated using a NanoDrop with a UV-vis spec-

trophotometer (Thermo Fisher Scientific) in 
the range of 200–500 nm. The percentage 
of transmittance of the film in the ranges 
of 290–320 nm (UV-B) and 320–400 nm 
(UV-A) was imaged using the instrument. 

Characterization of the anti-fog property was 
evaluated using two protocols: a warm-fog 
and a cold-fog test. In the warm water test, the 
uncoated glass slides, and coated glass slides 
were put on an empty Petri dish situated on a 
piece of paper with the word “anti-fog.” After 
adding warm water to the Petri dish, the vis-
ibility of the letter could be used to evaluate 
the degree of anti-fog. In the cold-fog test, 
coated and uncoated substrates were put in 
a refrigerator (<20 °C (68 °F)) for 5 min and 

Figure 1: (A) Schematic illustration of spin-spray-assisted layer-by-layer assembly technique. (B) Thickness of the film as a function of 
bilayer numbers (left); SEM image of the cross-section of the film with 10 bilayers (right); (C) Thickness of the film as a function of spin 
rate (RPM) of the second step for different concentrations of the PDDA and PAA solutions.
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returned two substrates to the room tempera-
ture environment to do the visibility evaluation.

The water contact angle of coated and 
uncoated quartz slide was measured using 
an optical tensiometer (Attention Theta Lite, 
Biolin Scientific, Sweden). The water drop-
let was added to the surface of both sam-
ples using a syringe (diameter = 0.82 mm).

RESULTS AND DISCUSSION 

Thickness growth of the LbL film
The scheme of the fabrication process of 
the films is shown in Figure 1A. The nega-
tive charges were obtained by applying oxy-
gen plasma on the substrate, which attracts 
the positive charges on PDDA to launch the 
LbL process. When the surface of the film 
was cationic, the negatively charged PAA 
was attracted to the slide (green circles). The 

complex layer that is made of PDDA with 
GO and PAA with TiO2 is referred to as one 
bilayer of PDDA + GO/PAA + TiO2 film.

The thickness of the film increased linearly 
below 10 bilayers following exponential 
growth above 10 bilayers. As displayed in the 
cross-section SEM images (Figure. 1B), the 
boundaries of each layer cannot be observed, 
hence, it can be inferred that a homogeneous 
cross-section structure was obtained. Such 
homogeneous morphology indicates that each 
layer of polyelectrolyte diffuses well into the 
interior of films during the spin-spray process. 
The thickness growth was further investigated 
by varying the spin RPMs of the second step 
under different concentrations of PDDA and 
PAA. The bilayer number was kept constant 
(10 bilayers). It was observed that the thickness 
decreases with the increase in spin rate. On the 
other hand, the thickness of the film decreased 

Figure 2: Self-healing process 
and mechanism of 10 bilayers 
of PDDA + GO/PAA + TiO2 
film. (A) A scratched film with 
40 µm cut; (B) Healed film at 
the RH of 80% for 20 min; (C) 
Schematics of the cut-healing 
process. Green line, orange 
line, gray circle, black line, 
and red triangle represent the 
PAA, PDDA, TiO2 nanoparti-
cle, GO, and cut, respectively. 
The concentration of GO in 
the PDDA solution and TiO2 in 
the PAA solution was both 
1 mg/mL.
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with the decrease in the concentration of 
the polyelectrolyte solutions (Figure 1C). 

SELF-HEALING PROPERTY 

As shown in Figure 2A, a film of 10 bilayers 
was scratched with a 40 µm cut, and the film 
segments of the cut were separated from the 
substrate. The film was put in the humidity 
chamber at RH of 80% for 20 min. To observe 
the surface structure of the PDDA + GO/PAA 
+ – TiO2 film, gathered segments were tiled 
on the substrate. It was observed that most 
of the area of the scratch was healed (Figure 
2B). When the scratched film was kept in the 
humidity chamber, the film absorbed mois-
ture that was attracted by the carboxylic acid 
group and hydroxy group in the LbL film. With 
the joining of the water molecules in the film 
structure, the electrostatic force and hydrogen 
bonds were weakened, and the edges of the 
film became swollen and soft during this pro-
cess. Meanwhile, the loose chains of PDDA and 
PAA diffused into the edges of the scratches 

to close the gap and reform the polymer net-
work. The film utilized the diffusion of polye-
lectrolytes and interactions between the chem-
ical bonds, which include the reversibility of 
covalent and non-covalent bonds to rearrange 
the polymer chains and restore the destroyed 
interactions at damaged interfaces in the heal-
ing process. Moreover, we also investigated the 
healing behavior of the film in water. An LbL 
film with 40 μm wide scratches was immersed 
in the DI water for only 40 s, and the cut was 
healed. Moreover, the film was cut several 
times in the same areas, and the cut film was 
able to recover every time after each cut.

For PDDA + GO/ PAA + TiO2 film, the heal-
ing process was triggered by using water or 
humid air to accelerate the mobility of poly-
mer chains. We used two samples with dif-
ferent thicknesses, five bilayers of approxi-
mately 3 μm and 15 bilayers of approximately 
8 μm, to explore the effect of thickness and 
deposition cycles on the self-healing behav-
ior at the RH of 80%. As displayed in Fig-
ures 3A and 3E, a 40 μm wide cut was made 

Figure 3: The effect of film 
thickness on the recovery speed 
of PDDA + GO/PAA + TiO2 film 
at the relative humidity of 80%. 
(A–D) and (E–H) are the micro-
scope images of the self-healing 
process of 5- bilayer and 15-bi-
layer films at 0, 5, 10, and 15 
min, respectively; D0, D1, D2, 
and D3 are the width of cuts on 
the films at 80% RH for corre-
sponding time; (I, J) are the 
changing of recovery speed and 
thickness of 5-bilayer (black line) 
and 15-bilayer (red line) films as 
the function of time. The con-
centration of GO in the PDDA 
solution and TiO2 in the PAA 
solution was both 1 mg/mL.
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on the 5 bilayers and 15 bilayers of PDDA + 
GO/PAA + TiO2 film, respectively. After heal-
ing at 80% RH and room temperature for 5 
min, the width of the cut on 5 and 15 bilay-
ers film decreased to 30 and 20 μm, respec-
tively as shown in Figures 3B and 3F. After 
15 min of healing, the cut on the 15-bilayer 
film almost disappeared at that condition.

According to the data shown in Figure 3I, 
the cuts on the 5- and 15-bilayer films were 
recovered for 25% and 55%, respectively, 
after placing the scratched films in the humid-
ity chamber for 5 min. After healing for 20 
min, the 15-bilayer film was fully recovered, 
and the 5-bilayer film still presented 45% of 
the width of the cut left. The recovery speed 
of two scratched films can be obtained by 
measuring the slope of the trendlines in Fig-
ure 3I. A 2-stage healing process including (1) 
water absorption and swelling and (2) poly-
mer chain movement and rearrangement was 
found for both films. Moreover, the overall 
thickness across the different areas of the film 
did not change significantly during the healing 
time as shown in Figure 3J, which confirmed 
that the process of absorbing the water mol-

ecule primarily occurred at the edges of cuts 
and triggered the healing of surface damage, 
while the absorption of water and swelling in 
the non-damaged area could be neglected.

Roughness 
The roughness of the 5-bilayer film was mea-
sured as 42.3 nm; additionally, some aggrega-
tions and wrinkles were also observed on the 
surface. On the other hand, the roughness of 
the 15-bilayer film was around six times lower 
than the 5-bilayer film, although the form of 
wrinkles did not fully disappear when the num-
ber of depositions increased. The number of 
bilayers of LbL assembly films higher than 10 
ensured the homogeneity of the film surface.

Transparency and UV-resistance 
Two samples were prepared with different 
TiO2 concentrations as PDDA + GO (1 mg/mL)/
PAA + TiO2 (1 mg/mL) and PDDA + GO (1 mg/
mL)/PAA + TiO2 (2 mg/mL) with 10 bilayers. 
The PDDA + GO (1 mg/mL)/PAA + TiO2 (1 mg/
mL) film has fair transparent properties as the 
flowers could be seen from a distance of 2 m 
(6.6 ft). However, the segment of the flowers 
cannot be observed through the PDDA + GO 

Figure 4: (A) Transparency of PDDA + GO (1 mg/mL)/PAA + TiO2
- (1 mg/mL) film; (B) Transparency of PDDA + GO 

(1 mg/mL)/PAA + TiO2 (2 mg/mL) film; (C) UV–vis spectra of PDDA/PAA-TiO2 film with different concentration of 
TiO2 in PAA solution; (D) UV–vis spectra of PDDA + GO (1 mg/mL)/PAA-TiO2 film with different concentration of 
TiO2 in PAA solution. Pink line, black line, red line, and blue line represents the concentration of TiO2 nanoparticles 
for 0, 1, 4, and 6 mg/mL, respectively.
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(1 mg/mL)/PAA +- TiO2-nanoparticle (2 mg/
mL) film (Figure 4). According to the sharp-
ness measurement of the two photographs, 
the PDDA + GO (1 mg/mL)/PAA + TiO2 – (1 mg/
mL) film (sharpness = 3.9914) is sharper than 
the PDDA + GO (1 mg/mL)/PAA + TiO2 (2 mg/
mL) film(sharpness = 1.4819). Therefore, the 
higher content of TiO2 nanoparticles in the 
polyelectrolyte solution made the film less 
transparent and decreased its sharpness. 

Next, the UV-resistant property of the LbL film 
was investigated by varying the concentration 
of TiO2 in the film. First, the TiO2 nanoparticles 
were blended in a PAA solution at pH 3.0 to 
make the TiO2 suspension in an anionic solu-
tion. For the reference film made of PDDA/PAA, 
the percentage of transmittance of the UV light 
at 200 nm is 30%. After adding 1 mg/mL TiO2 
nanoparticles into PAA solutions, around 53% 
of the UVB (290–320 nm) and UVA (320–400 
nm) can be blocked by the PDDA/PAA + TiO2 
LbL film. With the content of TiO2 nanopar-
ticles increased to 6 mg/mL, the UV light can 
be shielded more than 95% for UVA and UVB. 
Therefore, the UV-shielding effect showed 
great improvement with the increasing con-
tent of TiO2 nanoparticles in the PAA solution. 
However, when the content of TiO2 nanopar-
ticles increased to 2 mg/mL, the transmittance 
of visible light decreased. To overcome this lim-
itation, GO was considered to be added to the 
PDDA solution to achieve the transmission of 
visible light through the film with suitable UV 
resistance. According to the exploration of Xie 
et al.[9], GO can block up to 97.5% of the UV 
light with 1.2 wt% for a single layer of the GO/
PVA film and has a better transmittance of vis-
ible light than TiO2 nanoparticles. Therefore, 
GO (1 mg/mL) was mixed with the PDDA solu-
tion at pH 10.5 to enhance the property of UV 
protection and transparency. As displayed in 
Figure 4D, more than 80% of UVB and more 
than 75% of UVA can be absorbed on PDDA + 
GO (1 mg/mL)/PAA + TiO2 (1 mg/mL) film with 
10 bilayers, which is significantly better than 
that of PDDA (No GO)/PAA + TiO2 film of the 
same concentration (50% blocking of UVA and 
UVB). As a result, the LbL film with 1 mg/mL 
TiO2 and 1 mg/mL GO concentration showed 
both suitable transparency and the UV-per-
formance. The UV-blocking property was fur-
ther improved with the increase in TiO2 con-
centration as shown in Figure 4D. With 4 mg/
mL TiO2, the film can block more than 95% of 
UVA and UVB, which is a significant improve-
ment over the PDDA (no GO)/ PAA + TiO2 
(4 mg/mL) film. Hence, the film can be used 
for different purposes, for example, making 

a higher UV- resistant surface without trans-
parency or a moderate UV-resistant surface 
(more than 80% of UVB) with transparency.

Anti-fog property
After infusing the hot water under the sam-
ples, the condensing water droplets appeared 
on the unmodified glass slide. In contrast, the 
PDDA + GO/PAA + TiO2 film can spread water 
to form a thin water layer and remain trans-
parent behind the hot water. Second, a cold-
fog examination was conducted to character-
ize the property of frost remaining and anti-fog 
in extremely cold conditions. An extremely thin 
ice membrane could be observed on the PDDA 
+ GO/PAA + TiO2 film. The modified glass sub-
strate remained transparent due to the hydro-
philic surface. However, the uncoated glass 
slide formed a fog on the surface due to the 
condensation of moisture in the air, and the 
unmodified glass slide became blurred. Accord-
ing to the contact angle measurements on the 
uncoated and coated substrates, the contact 
angle was lower on the coated surface than 
that on the uncoated surface. When the film 
was put in a high-humidity environment, the 
uniform water membrane could prevent the 
formation of fog to avoid light scattering.

CONCLUSION 

We obtained a multifunctional thick LbL film 
with self-healing, UV-blocking, and anti-fog 
properties using a spin-spray-assisted (SSA-
LbL) assembly technique. This novel fabrica-
tion method was used by combining the spray 
and spin method to make a homogeneous LbL 
film with a high concentration of polyelectro-
lyte solutions that has the advantages of time- 
and material-saving compared with the tradi-
tional fabrication methods for LbL films. We 
provided evidence that the multifunctionality 
of the film can be achieved by incorporating 
the GO and TiO2 nanoparticles with polycation 
and polyanion solutions, respectively. This mul-
tifunctional LbL film can be potentially used as 
a high-performance and long-lifespan coating 
in sports goggles, car windows, glass houses, 
etc., under various environmental conditions.
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Enhancing the properties  
of electrodeposited copper foils 
by composite additives
S. P. Wang, K. X. Wei, W. Wei, et al.

It is urgent to develop copper foils with low surface rough-
ness, high tensile strength, and suitable thermal conduc-
tivity in electronic equipment communication. Herein, the 
effect of three single additives (gelatin, polyacrylamide, 
and thiourea) and two composite additives (gelatin-poly-
acrylamide and thiourea-polyacrylamide (Tu-PAM)) on the 
surface roughness, tensile strength, and thermal conduc-
tivity of copper foil fabricated using direct current electro-
deposition is investigated. We found that the ionic interac-
tion and the deposited particle size play an important role 
in enhancing surface roughness and tensile strength.

INTRODUCTION

Copper foils play a “neural network” role in 
electronic equipment communication and sig-
nal transmission.[1] However, the size of tra-
ditional metal conductors such as copper in 
the printed circuit board (PCB) has shrunk 
sharply, and signal transmission is concen-
trated on the surface of the conductors,[2] 
resulting in signal transmission failure, break-
age, and continuous heating of the PCB.[3] It 
is urgent to develop copper foils with low sur-
face roughness, high tensile strength, and 
good thermal conductivity simultaneously.[4] 

Electrodeposition is one of the most import-
ant methods for preparing coating mate-
rials with excellent thermal, electrical, and 
mechanical properties.[5, 6] Up to now, few 
reports are available on electrodeposited cop-
per foils with low surface roughness, high ten-
sile strength, and high thermal conductivity 

simultaneously. This study aimed to report the 
effect of three single additives, namely gela-
tin (G), polyacrylamide (PAM), and thiourea 
(Tu), and two composite additives (G-PAM and 
Tu-PAM) on the microstructure and perfor-
mance of copper foils produced by direct cur-
rent electrodeposition and reveal a proper com-
bination of the additives in the electrolyte. 

Electrodeposition is one of the most import-
ant methods for preparing coating mate-
rials with excellent thermal, electrical, and 
mechanical properties.[5, 6] Up to now, few 
reports are available on electrodeposited cop-
per foils with low surface roughness, high ten-
sile strength, and high thermal conductivity 
simultaneously. This research aims to study the 
effect of three single additives, namely gela-
tin (G), polyacrylamide (PAM), and thiourea 
(Tu), and two composite additives (G-PAM and 
Tu-PAM) on the microstructure and perfor-
mance of copper foils produced by direct cur-
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rent electrodeposition and reveal a proper com-
bination of the additives in the electrolyte. 

EXPERIMENTAL SECTION

Copper plates (99.99%) and titanium plates 
(99.99%), with dimensions of 100×50×2 mm 
(3.9×2×0.08 in.) and 70×30×2 mm 
(2.8×1.2×0.08 in.), respectively, were used as 
anode and cathode. During electrodeposition, 
the current density was constant and equal to 
90 mA cm–2, and the mechanical stirring rate 
was 120 rpm. The concentrations of additives 
G, PAM, and Tu were 20 mg L–1. The com-
posite additives were G (10 mg L–1)-PAM (10 
mg L–1) and Tu (10 mg L–1)-PAM (10 mg L–1). 
The copper foils were electrodeposited from 
the electrolyte CuSO4·5H2O (120 g L–1). The 
electrodeposition time was 60 min, and the 
pH value was controlled by H2SO4. The thick-
ness of copper foils was about 70–80 μm. 

The electrodeposition rate was calculated 
according to,[7] 

v = ∆m ⁄ s∙t � (1)

where Δm, s, and t are the values of the qual-
ity change of the titanium plate before and 
after deposition (g), the area of the cathode 
plate (m2), and the electrodeposition time (h), 
respectively. X-ray diffractometer (D/max-2500 
pc) was used to analyze the orientation and 
structure of copper foils, and the test ranges 
from 20° to 120°. The surface morphology 
of copper foils was characterized by a scan-
ning electron microscope (Jeol JSM-IT100) 
with a working voltage of 20 kV. The surface 
roughness of copper foils was measured by 
a laser confocal microscope (Olympus LEXT 
OLS4100). The tensile properties of cop-
per foil with a length of 20 mm and width of 

2 mm were evaluated by a universal tensile 
testing machine (MTS Systems CO E44.104) 
with a heading velocity of 1 mm min–1.

The thermal conductivity of copper foils 
was calculated using Equation (2).

λ(T) = α(T) ∙ Cp(T) ∙ ρ(T) � (2)

where α(T), Cp(T), and ρ(T) are thermal dif-
fusivity, specific heat capacity temperature, 
and density, respectively. The laser thermal 
conductivity meter (Netzsch LFA-447) was 
used to test the thermal diffusivity of cop-
per foils. A differential scanning calorime-
ter (Netzsch DSC-200-F3) was used to mea-
sure the specific heat capacity of copper foils 
in a temperature range from 25 to 65 °C 
(149 °F). Archimedes’ method was used 
to calculate the density of copper foils. 

RESULTS AND DISCUSSION

Tu, after its addition, reacts with the free 
copper ions in the electrolyte to form Cu2S, 
which presents black or gray-black, result-
ing in a small number of bumps on the sur-
face of copper foils and a slight darken-
ing of the surface. After adding other addi-
tives, the surface of the prepared copper foils 
is smooth, without protrusions or holes. 

Gelatin is a polarizer. It forms an adsorption 
film on the electrode surface. Cu2+ must pass 
through this film to discharge on the elec-
trode, i.e., to be deposited on the cathode 
plate. Therefore, the number of copper ions 
can be increased to improve the dispersion of 
the deposition solution, which is manifested as 
an increase in the deposition rate. On the other 
hand, Tu reacts with copper ions in the solu-
tion to form copper complex ions. This accel-

Sample Substrate surface 
roughness [μm]

Copper foil surface 
roughness [μm]

Leveling 
ability [%]

No additive 2.613 2.337 10.6

G 2.481 1.502 39.5

PAM 2.267 1.676 26.1

Tu 2.837 3.017 -6.3

G+PAM 2.791 2.693 3.5

Tu+PAM 2.576 1.506 41.5

Table 1: Calculation results of the leveling capacity of six sedimentary liquids.



Page 25 | Volume 13	 advancedopticalmetrology.com

◀  back to content

erates the formation of deposited particles, 
which is manifested as an increase in the depo-
sition rate. When the additive is PAM, the car-
boxyl group in the PAM forms a polar bond or 
coordination bond with the copper ion, which 
increases the peak value of the copper depo-
sition current, thereby increasing the depo-
sition rate. When Tu and PAM coexist in the 
electrolyte, the electrodeposition temperature 
is 40 °C (104 °F), pH = 1.5, and the current 
density is 6 A dm–2. The two additives have a 
synergistic effect on the Cu2+ reduction pro-
cess, and jointly accelerate the deposition of 
copper. Hence, the copper foil has the high-
est deposition rate, reaching 514.4 g h–1m–2.

L = � (3)
Rb

Ra–Rb

The deposited particles are significantly refined; 
in the case of high overpotential, the probabil-
ity of crystal nucleus formation and the num-
ber of formed crystal nuclei are increased.

Figure 1a–f shows the 3D profile and sur-
face roughness (Ra) of copper foils with dif-
ferent additives. Table 1 shows the calcula-
tion results of the leveling capacity of the six 
sedimentary liquids. The leveling ability (L) of 
the deposition solution can be calculated by

where Ra and Rb are the roughness of the sub-
strate before electrodeposition and the rough-
ness of the deposited product after electro-
deposition, respectively. The surface rough-
ness of the copper foils without additive, with 
G, and with Tu-PAM are 2.337 ± 0.208 μm, 
1.502 ± 0.116 μm, and 1.506 ± 0.147 μm, 
and the electrolyte leveling ability increases to 

39.5%, 26.1%, and 41.5%, respectively. Gel-
atin, a type of polarizer, can enhance polar-
ization to improve the dispersion ability of the 
electrolyte, thereby forming fine Cu particles 
on the surface of the electrode, which is man-
ifested as a reduction in surface roughness.[8] 
After adding Tu-PAM, –NH2 will react with Cu2+ 
in the solution to produce [Cu(NH4CS)]2SO4 
and Cu2S, which affects Cu deposition promo-
tion when combined.[9] In addition, the wet-
ting effect of the composite additives on the 
surface of the substrate causes the copper ion 
solution to diffuse in the recesses, which is 
manifested as an increase in crystalline active 
sites and an increase in the electrodeposition 
rate of copper.[10,11] Therefore, the recesses 
on the surface of the substrate are filled, the 
protrusions are weakened, and finally, the 
surface of the copper foil is much flatter. 

The tensile test results are shown in Table 2. 
Compared with no additives, the ten-
sile strength of copper foils is significantly 
improved after adding Tu-PAM. Simultane-
ously, the ductility is enhanced. The reduction 
in the size of the deposited particles results 
in the formation of more grain boundaries, 
which can function as a barrier to prevent the 
movement of dislocations and inhibit their dis-
placement by generating a large amount of 
dislocation accumulation on grain boundar-
ies. Therefore, the addition of Tu-PAM com-
posite additive effectively reduces the size 
of the deposited particles, which has a sig-
nificant contribution to the improvement of 
the tensile strength of the copper foils.[5]

Figure 1: 3D profiles and surface roughness (Ra) of copper foils: a) without additives, and with ad-
ditives of b) G, c) PAM, d) Tu, e) G-PAM, and f ) Tu-PAM.
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The thermal diffusivity of copper foil pre-
pared without additives is 96.719 mm2 s–1, 
and after adding Tu-PAM, the thermal diffusiv-
ity of copper foil is 100.655 mm2 s–1, which is 
an increase of about 4%. Without additives, 
the specific heat of the copper foil is 0.458 J 
g–1 K–1. After adding Tu-PAM, the specific heat 
is slightly reduced to 0.398 J g–1 K–1. The ther-
mal conductivity of copper foil is affected by 
electron scattering.[12] Although the electron 
mobility of copper is relatively high, after add-
ing Tu-PAM, due to the formation of complexes 
between NH2 and Cu2+, a large number of dis-
locations will be generated in the copper foils, 
which will strengthen the scattering of elec-
trons, thereby affecting the thermal conduc-
tivity of the copper foil to a certain extent.[13] 
Goli et al.[14] prepared the Gr-Cu-Gr hetero-
geneous film using the chemical vapor depo-
sition method. It is found that the increase in 
grain size has a significant contribution to the 
improvement of the thermal conductivity of the 
heterogeneous film. Therefore, the decrease in 
thermal conductivity of copper foil prepared by 
adding Tu-PAM may be caused by the decrease 
in the size of the deposited particles. However, 

the Tu-PAM composite additive compensates 
for the effect of electron scattering on ther-
mal conductivity to a certain extent, because 
it effectively reduces the size of the deposited 
particles of copper and increases their density.

CONCLUSIONS

The results show that when Tu+PAM are added 
as composite additives to the electrolyte, com-
pared with adding Tu and PAM separately, the 
deposited particles are finer, and the copper 
foil is flatter. We showed that two additives 
have a synergistic effect on the reduction pro-
cess of copper ions. Adding Tu-PAM compos-
ite additive can effectively increase the depo-
sition current density, thereby accelerating the 
formation of crystal nuclei, and reducing the 
size of the deposited particles of copper foils. 
The reason for variations in surface rough-
ness and tensile strength is the ionic interac-
tion and the size of the deposited particles.

Table 2: Tensile strength, uniform elongation, and thermal conductivity of copper foils.

Sample Tensile  
strength [MPa]

Uniform  
elongation [%]

Thermal  
conductivity [W m–1 k–1]

No additive 164 2.6 391

G 200 3.6 212

PAM 231 2.6 354

Tu 198 1.8 240

G-PAM 273 2.3 146

Tu-PAM 256 2 356
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The art of science:  
Evident image of the  
year award 2022 
Evident has launched its 4th Global Image of the  
Year Scientific Light Microscopy Award

Since its inception in 2017, the Image of the Year Award has become a highly 
esteemed event within the life science microscopy community. Each year, 
the competition continues to grow with hundreds of entries from across 
the globe, celebrating the beauty and creativity of the life science micros-
copy community. The award showcases the amazing work of micros-
copists and promotes a global appreciation for scientific images.

This year, the competition has broadened its scope to include images from mate-
rials science in addition to life science. Through this, the award seeks to demon-
strate the beauty and versatility of the art of science. Submissions can be 
made by uploading up to three images, along with a description of the equip-
ment used, at Olympus-LifeScience.com/IOTY until February 28, 2023.

Prizes include an Olympus SZX7 stereo microscope with a DP23 digital cam-
era, X Line™ objectives for the global winner, an Olympus CX23 upright 
microscope, and an SZ61 stereo microscope for the winner of the new ded-
icated category for materials science and engineering images.

An expert jury of science and imaging professionals from around the 
world will assess all entries based on their artistic and visual aspects, scien-
tific impact, and microscope proficiency. Winners will be chosen by a jury 
of leading experts in the field and announced in the summer of 2023.

If you are a budding scientist and have an eye for remark-
able images, this is your opportunity to shine!

04

Global Winner Image  
of the Year 2020
�Werner Zuschratter 
(Germany) took the winning 
image. It is a three-channel, 
large-scale confocal image of 
a fixed and cleared rat em-
bryo. Two channels show 
different autofluorescence 
sources of the tissue, while 
the third channel shows the 
skeleton stained by alizarin 
red.

https://www.olympus-lifescience.com/en/landing/ioty-2022/?utm_source=AOM&utm_medium=eBook13&utm_campaign=thinfilmsIII

