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Abstract

The increasing demand for miniaturized electronic devices has elevated the need for rechargeable micro-power sources. 
While lithium and lithium ion batteries have been utilized in these applications since the late 1990s, other energy harvest-
ing technologies, such as mechanical, thermal and solar, are now being used to augment batteries to enable systems to be 
self�Sowered. +oweYer, the lifetiPe of  an\ batter\ is finite, which Pa\ be a PaMor SrobleP when the aSSlication is in a 
SerPanent structure or Pedical iPSlant deYice. )or Sower or significant energ\ storage aSSlications, Srinted Pultila\er 
capacitors or supercapacitors are being explored as an enhancement, or replacement of  micro-batteries.

The printing of  multilayer capacitors offers an inexpensive manufacturing process for these devices. Though the ability 
to Srint suSercaSacitor electrodes, suSercaSacitors, and batteries on rigid and Áe[ible substrates is well Nnown, haYing a 
device supported by a substrate is not always advantageous. This is especially true for cases where the rigidity of  the sub-
strate limits the extent to which the device can be bent or wound, or where substrate compatibility issues to the surface to 
which it is to be attached is faced. The ability to bend or wind devices can improve the attachment to surfaces; enable its 
SlacePent in confined sSaces and adYance efforts to further Piniaturi]e deYices. ,n this research, a sacrificial water�soluble 
Sol\Per la\er was used to Sroduce self�suSSorted �substrate free� Srinted conductiYe and dielectric inN filPs of  different 
thicNnesses, as well as a coPSleted caSacitor. 7he electrical and Pechanical SroSerties of  these filPs and the caSacitor 
were measured. Such measurements have not yet been reported and should therefore advance our understanding of  prop-
erties at different thicknesses.

Keywords: supercapacitor, printed electronics, screen printing, alginate, silver electrode

1. Overview

The increasing demand for miniaturized electronic devices 
has grown the need for rechargeable micro-power sources. 
Though lithium and lithium ion batteries have been uti-
lized in these applications since the late 1990s, other energy 
harvesting technologies such as thermal, mechanical and 
solar, are now being used (Pech et al., 2010). The bene-
fit of  using energ\ harYesting technologies to recharge 
batteries is that they enable systems to be self-powered. 
However, the useful life of  a battery is limited, which 
may be a serious problem when placed in a permanent 
structure, such as a concrete support structure, engine 
or biomedical implant (Kang, 2006). Batteries also can-
not provide the peak power for some portable electronic 
devices without increasing the bulkiness or weight of  the 
device. With developing electronic markets searching for 
thinner, lighter weight, lower cost and more conforma-
ble solutions, printed electronics offers a possible solu-
tion to meeting these goals, but a complementary energy 
source to batteries is still missing (Kaempgen et al., 2009).

Electronic capacitors are used to provide charge stor-
age. Their ability to endure millions of  cycles and fast 
charge/discharge rates enables energy densities to be 
maintained for the balancing of  circuitry in electronic 
devices (Miller and Simon, 2008; Simon and Gogotsi, 
�����. )or Sower or significant energ\ storage aSSlica-
tions, multilayer capacitors or supercapacitors can be 
used to enhance battery performance, which would help 
batteries fill current and future energ\ needs �.aePSgen 
et al., 2009).

The printing of  multilayer capacitors offers an inexpen-
sive manufacturing process for producing such devices 
and the ability to print supercapacitor electrodes, super-
capacitors, and batteries are well documented (Simon 
and Gogotsi, 2008; Kaempgen et al., 2009; Kiebele and 
Gruner, 2007; Grande et al., 2012). However, everything 
reported to date has involved the printing of  various 
functional inNs on rigid or Áe[ible substrates. 7he t\Se of 
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substrate used is often dictated by the processing temper-
ature requirements of  the functional materials printed and 
Áe[ibilit\ reTuirePents of  the end Sroduct. 7his stud\ 
focused on the fabrication and testing of  self-supporting 
Srinted Pultila\er caSacitors. 7he roughness, Áe[ibilit\ 
and density of  the printed layers were characterized. A 
completed capacitor, consisting of  four alternating lay-
ers of  silver and dielectric, was printed and tested. The 

capacitor was also wound to demonstrate the feasibility 
of  Sroducing a Pulti�stacNed caSacitor. 7he benefits of 
this research include defining the design and coPPer-
cial potential for self-supported printed energy stor-
age devices, and advancing the technical knowledge for 
self�suSSorted Srinted electronic deYices. 7he findings 
of  this study should also greatly advance work being per-
formed in printed sensors and active transistor devices.

2. Introduction

2.1 Capacitor and supercapacitor technologies

The direct printing of  passive (electrodes, resistors, 
caSacitors� and actiYe �thin filP transistors, ShotoYolta-
ics, organic light emitting diodes) devices has gained sig-
nificant attention as a low cost Panufacturing Pethod 
for Áe[ible electronics. $s the global need for energ\ 
continues to rise, the risk of  facing a supply imbalance 
also grows. Concerns on how the world will keep pace 
with growing energy demands have led to increased 
efforts to find new technologies for harYesting and stor-
ing energy. Some of  the energy harvesting technologies 
being explored are light, human movement, vibration 
and heat, based on technologies such as photovoltaics 
(Swanson, 2009), electrodynamics (Sterken et al., 2007), 
and piezoelectronics (Challa et al., 2008).

7he harYesting of renewable energ\ offers Must one Sart 
of the needed solution. 2nce harYested, efficient tech-
nologies to store the energy are required. Batteries are 
the most predominant technology used (Linden, 1984), 
but other technologies such as eutectic systems (Smith 
and Hashemi, 2006) or mechanical methods, such as 
Á\wheel �5uddell, ����� and h\droelectric storage 
( Jog, 1989) can be used.

7he two Post significant criteria for the SerforPance of 
an electrical energy storage device are power and energy 
density. Power density is a measure of  how fast energy 
can be transferred Ser unit Pass into a deYice �J Ã �Ng Ã s�−1). 
Energy density is the amount of  energy stored per unit 
Pass �J Ã Ng−1). Both of  these criteria are especially impor-
tant when device portability is needed (Jiang, 2007).

7wo PaMor t\Ses of  energ\ storage deYices are batter-
ies and capacitors. Batteries directly convert chemical 
energy to electrical energy through the generation of 
charge from redox reactions that take place at the elec-
trodes of  the battery. The generated charge creates a 
voltage between the battery’s cell terminals. The con-
centration and chemical species within the battery deter-
mines the voltage output. In contrast, capacitors store 
energy by charge separation. A basic capacitor con-
sists of  a dielectric material sandwiched between two 
parallel electrodes capable of  establishing an electrical 
potential. The dielectric material can be either an ionic 

solution (electrolyte) or solid material. When a closed 
circuit between the two electrodes is formed the elec-
trical potential is released generating a power density 
(Bird, 2010). The two main functions of  a capacitor are 
to charge or discharge electricit\ and to blocN the Áow 
of  direct current (DC). The function of  charging or 
discharging energy is used in smoothing the circuits of 
power supplies and backing-up circuits of  microcom-
Suters. 7he function of  blocNing '& Áow enables theP 
to be used as filters to blocN undesirable freTuencies in 
a circuit. ,n general, caSacitors do not efficientl\ utili]e 
the material from which they are fabricated so their 
energy densities are typically low (Bird, 2010).

Electrolytic capacitors evolved from the basic capacitor 
design. They are similar to batteries, but have an anode 
and cathode composed of  the same materials. There are 
aluminum, tantalum and ceramic capacitors (Jayalakshmi 
and Balasubramanian, 2008).

The next evolution in capacitor technology was the 
creation of  electric double layer capacitors, EDLCs, 
which store electrical charge at a metal/electrolyte inter-
face. The main component of  these devices is activated 
carbon, which is used in the electrode construction of 
these capacitors. This technology served the needs of 
industry for many years, then experienced resurgence 
as interests in electrical storage technology for medical 
devices, miniature electronic devices and applications 
requiring very short high power pulsed devices. EDLCs 
complement batteries by supplying a high power den-
sity and low energy density when needed, while lasting 
longer than batteries. In comparison to conventional 
capacitors, they have higher energy densities. The dis-
advantage to EDLCs is that they suffer from low energy 
density. To address these problems, researchers have 
explored mixing transition metal oxides with the acti-
vated carbon used as the electrode material. This mixing 
enhanced the sSecific caSacitance b\ a factor of  ��²���, 
depending on the type of  metal oxide used (Halper and 
Ellenbogen, 2006). The increased performance brought 
about by this technology introduced a new class of 
capacitors called supercapacitors or pseudocapacitors.

Supercapacitors have been the focus of  much research 
over more than past 10 years (Butler, Miller, and Taylor, 
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2002). The difference in performance between a super-
capacitor and capacitor can be seen through a compar-
ison of  the sSecific Sower and sSecific energ\ rates as 
shown in Figure 1.
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Figure 1: Comparison of different storage devices, 
modified from Winter and Brodd (2004)

The general equations for capacitance, Equation [1], 
and energ\ storage, (Tuation >�@, were first SroSosed b\ 
Helmholtz (1853):

C = (A ε0 ε)/d [1]

E = ½ C V 2 [2]

where C is capacitance (F), E is the energy stored 
(J or Ws), ε0 is the permittivity of  free space, equaling 
�.���� Ã ��−12 F/m, ε is the relative permittivity of  the die-
lectric layer, or dielectric constant, A is the total surface 
area of  the electrodes (m2), d is the distance between the 
two parallel electrodes (m), V is the established poten-
tial between the electrodes (V).

From Equation [1], it is clear that to achieve very high 
supercapacitor performance, a combination of  maxi-
mizing the plate area, minimizing the distance between 
plates and selecting a dielectric material to maximize the 
effective permittivity is needed. For printed capacitors, 
the distance between plates is limited by the thickness of 
the printed dielectric layer, which is often determined by 
the printing method used. The permittivity is based on 
the properties of  the dielectric material, which can be 
deposited/printed, or the original substrate itself. Using 
a number of  geometric techniques, such as stacking 
alternating Slates or winding uS a Áat deYice, can result 
in a Áe[ible caSacitor, which can effectiYel\ PaniSulate 
the area.

By combining these equations from above, the peak energy 
density per unit mass can be written as Equation [3]:

Energy Density = E ρ = (ε0/2) (A/d) (ε Vb
2 ρ) [3]

where Ʊ is the deYice densit\ and Vb is the breakdown 
voltage of  the dielectric material. Vb is used instead of 

V in order to allow the properties of  different dielectric 
materials to be compared.

A close examination of  Equation [3] shows three parts: 
a constant term (ε0/2), a geometrical term (A/d ) and 
a materials property term (ε Vb

2 ρ). Hence, the energy 
density of  a capacitor can be achieved by altering the 
geometry and properties of  the materials used (Pollet, 
Marinel and Desgardin, 2004).

The most sophisticated types of  ultracapacitors are elec-
trochemical capacitors, ECCs, and electric/electrochem-
ical double layer capacitors, EDLCs. Both devices have 
capacitance values that are orders of  magnitude higher 
than traditional caSacitors, hence, the Srefi[es suSer and 
ultra. An ECC consists of  two electrodes immersed in 
an ionic solution, which enables the accumulation of 
charge at the double layer interface. The most com-
mon uses of  ECCs are in hybrid electrical vehicles and 
in solar and wind power facilities where they are used 
to supply intermittent energy. EDLCs store charge 
from ions supplied from an electrolytic solution in con-
tact with high surface area electrodes, typically made 
from activated carbon. These unique properties enable 
theP to fill the gaS between batteries and conYentional 
capacitors. 

Both ECC and EDLC technologies are commercially 
available. The main use of  EDLCs are in applications 
where energy conservation, electrical power load leve-
ling, and high power millisecond long pulse delivery is 
needed, for example to start an engine or automotive 
braking system (Jayalakshmi and Balasubramanian, 2008).

The basic differences between the design and con-
struction of  two types of  ultracapacitors are shown in 
Figure 2.
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Figure 2: Schematic presentation of electrolytic capacitor and 
electrical double layer capacitor, recreated from  

Jayalakshmi and Balasubramanian (2008)

7wo other t\Ses of  caSacitors are ceraPic and filP 
capacitors. Ceramic capacitors are constructed from 
alternating layers of  metal and ceramic, with the ceramic 
serving as the dielectric. Multilayer ceramic capacitors 
(MLCs) typically contain around 100 alternating layers 
encased in two ceramic layers. They are fabricated by 
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screen-printing both the conductive and dielectric layers, 
and subsequently, co-sintering them together. The most 
commonly used material for the conductive (electrodes) 
and dielectric layers is Ag-Pd and BaTiO3, respectively 
(Pollet, Marinel and Desgardin, 2004).

Since the year 2000, when the communications market 
began to Áourish, the dePand for 0/&s has increased 
to keep pace. Other ceramic materials that have been 
identified are &a=r23, MgTiO3, and SrTiO3. Mn and Ca 
are some of  the other electrode materials being used. 
)ilP caSacitors, Must as the naPe suggests, are Pade 
using thin filPs of  Sol\ester or Sol\SroS\lene. 7hese 
materials are used with the dielectric and meta-glazed 
capacitors, which consist of  Al electrodes created 
by the vapor deposition of  Al onto a polyester, poly-
SroS\lene, or Sol\carbonate filP �1agata et al., ����� 
Keskinen et al., 2012).

Recent printed electronics research has examined nano-
gold, graphene, nano-silver, nano-copper, single-wall 
and Pulti�wall carbon nanotubes �&17� as electrode 
materials (Grande et al., 2012; Keskinen et al., 2012; Le 
et al., 2011; Hartman, 2011). A comparison of  a few dif-
ferent conductive inks for use in printed electronics is 
shown in Table 1.

In addition to the conductive inks listed above, 
graphene has also been heavily studied as a conductive 
material for pseudocapacitors. Graphene is a non-toxic 
nano-material, which is readily dispersible; it is the most 
conductive form of  carbon. It does not require high 
temperature sintering and therefore can be used with 
Slastic filP and SaSer substrates. ,t also giYes the abilit\ 
to be deposited as very thin layers, and is less expensive 
than silYer, coSSer, and &17 inNs. 

A comprehensive review of recent research performed 
using graphene in energy harvesting/storage devices and 
printed electronics was recently performed by Grande et 
al. ������ and 1air et al. ������, showed graShene to be 
a feasible alternative to indium tin oxide (ITO) in OPVs, 
due to the ability of a single layer of graphene to transmit 
98 % of total incident light. Blake et al. (2008), reported 
filPs of graShene haYing a sheet resistiYit\ of aSSro[i-
Patel\ � Nƙ�sT. 7his corresSonds to a bulN resistiYit\ 
of about � Ã ��−6 ƙP. 7he sheet resistance of graShene 

was found to depend on the quality of the graphene 
sheets. The fewer the defects in the sheets, the lower 
the sheet resistance. Several reports have also shown the 
method of synthesis greatly impacts the sheet resistance 
of graphene.

The use of  graphene to produce supercapacitors with 
sSecific energ\ densities coPSarable to 1i Petal h\dride 
batteries for hybrid vehicles was recently demonstrated 
by Liu et al. (2010). The supercapacitors produced have 
the advantage of  being rechargeable in less than 2 min-
utes, which is faster than what can be obtained with 
current hybrid battery technologies. Wang et al. (2009) 
and Yu, Davies and Chen (2010) synthesized 25 nm 
thicN graShene�graShite sheets using a YacuuP filtration 
method, which enabled a capacitance of  135 F/g to be 
realized. The graphene sheets produced by this method 
were found to be Áe[ible and transSarent, thus caSable 
of  being used in applications where transparent super-
capacitors would be needed.

7he use of  h\brid &17�graShene coPSosites in Sol\�
eth\leneiPine �P(,� and Sol\aniline �P$1,� in suSerca-
pacitors was explored by Yu, Davies and Chen (2010) 
and Wang et al. (2009), respectively. Capacitances of 
120 F/g and 210 F/g, respectively, at a current density 
of  0.3 A/g were achieved. Han, Ding and Shang (2010) 
used polypyrrole (PPy) and obtained a capacitance of 
223 F/g at a current density of  0.5 A/g. PPy has the 
advantage of  being more stable under ambient condi-
tions in coPSarison to P$1,.

Jari et al. (2012) explored the use of  graphene to create 
supercapacitors. In their work, supercapacitor electrodes 
of  2 cm2 and 0.5 cm2 using activated carbon were pre-
pared. They showed standard 2 cm2 capacitors to have 
typical capacitance values of  30–35 F/g with only the 
activated carbon mass taken into account. They also 
compared electrodes printed from 3 commercial silver 
inks to graphene electrodes and found no practical dif-
ferences in their conductivity values with typical sheet 
resistances of  �.��²�.�� ƙ�sT for ��²�� ƬP thicN la\-
ers (Keskinen et al., 2012).

Graphene oxide (GO) has also been studied. Although, 
alone it is not electrically conductive, the addition of 
thermal, chemical, and photothermal processes reduces 

Table 1: Comparison of conductive inks for PE applications (Grande et al., 2012)

Ink Conductivity Oxide Film cohesion Process concerns

Silver Excellent Conductive Good Long drying times

Carbon Average Does not form Poor 1one

Copper Good 1on�conductiYe Good Ink stability

Polymer Average Does not form Good Low solubility

&17 Excellent Does not form Poor Toxic
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it to graphene. A recent study by Le et al. (2011) showed 
the abilit\ to inNMet Srint a Pass fraction of  �.� � 
water based *2 inN with a Yiscosit\ of  �.�� PPa Ã s 
and surface tension of  �� P1�P on a 'iPati[ inNMet 
printer. Once printed, GO electrodes were thermally 
reduced under 12 atmosphere at 200 °C to graphene. 
Even though these ink characteristics were outside the 
recoPPended ranges for norPal inNMet Srinting �i.e., 
��²�� PPa Ã s and ��²�� P1�P�, /e et al. ������ found 
that b\ PaniSulating the firing Yoltages of  the no]-
zles as a function of  time spherical ink droplets with-
out clogging could be produced. A spatial resolution 
of  a �� ƬP was achieYed. 7itaniuP foils froP SigPa 
$ldrich ���� ƬP thicN, ��.�� � Surit\� were used as a 
comparison for electrochemical performance. The use 
of  two identical electrodes clamped with a Celgard sep-
arator Sroduced a sSecific caSacitance of  ��²��� )�g in 
the scan range of  0.5 to 0.01 V/s for the graphene elec-
trodes, and were able to retain 96.8 % of  the capacitance 
over 1 000 cycles. It was also shown that graphene elec-
trodes prepared by conventional powder based methods 
were siPilar in SerforPance to the inNMet Srinted elec-
trodes (Wu et al., 2010).

Although graphene and carbon nanotube inks are good 
alternative electrode materials to silver, the printing of 
these nano�Paterials can be difficult. 7he difficult\ in 
printing these materials is due to their hydrophobic 
nature, which causes them to segregate in water, unless 
surfactants are added, or their surfaces are functional-
ized (Le et al., 2011). 

Silver inks, on the other hand, are well established in 
the ParNet Slace. ,nNMet, screen, Áe[o, and graYure $g 
inks are readily available and have been used as elec-
trode materials in many printed electronics applica-
tions. Solvent based silver inks are of  special interest to 
this study, due to their high water resistance, which is 
required to allow for lifting off  the printed layer through 
the use of  a sacrificial water�soluble base la\er.

Printed suSercaSacitors need to be Áe[ible and caSa-
ble of  being printed or attached onto multiple sub-
strates. To be useful, the performance of  the storage 
device should meet the life expectancy of  the prod-
uct. Low cost and ease of  production would increase 
their acceptance. Printed energy sources that could be 
integrated into a printed device in line would greatly 
reduce the fi[ed Sroduction costs of  suSercaSacitor 
systems.

2.2 Lift-off  processes

Several methods for the lift-off  of  printed electronic 
devices have been reported (Ogier, Veres and Yeates, 
2003; Greer and Howard Jr., 1989; Haskal, McCulloch 
and Broer, 2010; Rogers et al., 2010). Ogier, Veres and 
Yeates (2003) describe the use of  a lift-off  ink to enable 
the printing and lift-off  of  organic electronic devices, 
mainly organic light emitting displays, OLEDs. The lift-
off  ink is printed as a negative image and then sequential 
device layers are printed on top. To lift-off  the device, a 
lift-off  solution, which dissolves the lift-off  ink, but not 
the device layers, is applied. The process requires the use 
of  ultrasonic agitation, stirring, a spray liquid medium 
and/or heat to be used. Haskal, McCulloch and Broer 
(2010) describe a laser lift-off  process that uses the wet 
casting of  a plastic coating, containing a UV absorbing 
additive, to a substrate followed by the screen or ink-
Met Srinting of  thin filP electronic elePents to fabricate 
an active display matrix. The laser is used to lift-off 
the plastic layer after it has been printed from the car-
rier substrate. Greer and Howard Jr. (1989) describe a 
lift-off  process to remove any unwanted areas from a 
metallization layer to form a layer of  masking material 
over a semiconductor device. Lift-off  occurs upon heat-
ing of  the device to a temperature where the metal melts 
on the masking layer and forms globules when it cools, 
which can be removed. Rogers et al. (2010) described 
a carrier la\er coated with a sacrificial la\er to which a 
stretchable substrate is attached. The stretchable sub-
strate is printed with electronic devices, and removed to 
produce a self-supporting stretchable device. This pro-
cess can presumably make strain-independent electronic 
devices (Rogers et al., 2010).

This study focused on the feasibility of  screen-printing 
a self-supported capacitor. The capacitor was fabricated 
using a commercially available solvent-based silver and 
UV dielectric ink. Information on the conductive (sil-
ver), and dielectric (acrylate) inks is listed in Table 2.

The novelty of this work is that a newly discovered 
lift�off Srocess was used for the first tiPe to obtain 
a self-supported capacitor. The work demonstrates 
that a self-supported fully printed capacitor could be 
wound, resulting in multi-stacked conductive and 
dielectric la\ers. 7he findings suggest that it Pa\ 
be possible to create a supercapacitor by winding a 
self-supported dielectric-conductive-dielectric-conductive  
printed stack.

Table 2: Commercial inks used

Supplier Ink type Commercial name

Sun Chemical 7herPal ÁaNe silYer AST 6200

Henkel UV dielectric Electrodag PF-455B
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3. Experimental methods

3.1 &reation of  sacrificial la\er

A water-soluble solution of  sodium alginate was applied 
to sheets of  0eline[ S7 ��� P(7 filP �'uPont, &hester,  
9$� using different %\rd aSSlicators to obtain filPs of 
different thicNnesses. 7he alginate �S�����4', S1P ,nc., 
'urhaP 1&� was aSSlied to the P(7 as a � � aTueous 
solution. Alginate solutions were prepared by slowly 
sprinkling the appropriate amount of  dried alginate 
into a pre-weighted amount of  deionized water under 
agitation. Once all alginate was added, the solution was 
allowed to mix for 60 minutes to ensure complete hydra-
tion. The solution was then placed in a closed container 
in a refrigerator overnight to enable it to degas. After 24 
hours, the solution was removed and brought to room 
temperature, approximately 21 °C, before applying it to 
the P(7 filP. 7he P(7 filP was cleaned with isoSroS\l 
alcohol Must Srior to aSSlication of  the alginate solution. 
:hile SreSaring the alginate filPs of  different thicN-
ness from the 6 % solution, it was observed that during 
dr\ing the alginate filPs were cracNing. 7o alleYiate this 
problem, glycerol was added to the solution of  alginate 
to helS Slastici]e the filP. 7he addition leYel of  gl\cerol 
that was found to giYe the Post uniforP alginate filP 
was a mass fraction of  20 % of  dry alginate. From this 
solution, filPs were then SreSared using ��.�, �.�, �.�, 
8.0 and 10 mil Byrd applicators. Unfortunately, these 
filPs were Yer\ thin and could not be easil\ rePoYed 
and handled. 7o create filPs that could be Pore read-
ily handled Meyer rods were used instead. After exper-
iPenting with seYeral different rods, ��� and ��� rods 
were chosen. 7he filPs Sroduced using these rods were 
strong enough to handle without tearing, and readily dis-
solved in water when rewetted. The thicknesses of  these 
filPs were found to be �.�� and ��.�� �P, resSectiYel\.

After coating, the samples were placed in a conditioned 
room at 50 % RH and 23 °C (allowing for reproduci-
ble and consistent drying conditions). The roughness 
(Sa� and thicNnesses of  the filPs were then Peasured 
with a Bruker GT-K white light interferometer micro-
scoSe at a Pagnification of  ��ï giYing a saPSle area 
of  aSSro[iPatel\ �.��� PP ï �.��� PP. 7hree Peas-
urePents were taNen on each filP saPSle SreSared �for 
both roughness and thicNness�. 7wo filPs for each con-
dition were tested. After the initial roughness measure-
ments were obtained, it was apparent that the amount 
of  particulate matter in the air throughout the building 
and within the conditioning rooP was significant, so 
handling Srocedures were adMusted to PiniPi]e contaP-
ination. All coated samples were placed in an enclosed 
(“clean”) environmental chamber to dry, and kept in 
closed containers during transport to and from the print 
stations and drying/curing stations. The environmental 
chamber used was a Carron RH chamber maintained at 
a temperature of  approximately 21 °C and 50 % RH for 

24 hours. Drying refers to the thermal treatment of  the 
applied silver ink, while curing refers to the UV treat-
ment of  the dielectric ink. The thermal treatment of  the 
silver ink is required to evaporate the solvents allowing 
the silver particles to create a more intimate, uniform, 
and continuous layer. The UV treatment is used to ini-
tiate and propagate a polymerization reaction, which in 
turn forPs the ´driedµ dielectric filP.

$fter characteri]ing the SroSerties of  the alginate filPs, 
single and multilayer prints were prepared according to 
Figure 3. The two different thicknesses of  alginate and 
inN la\ers are denoted b\ the �� and î� conditions as 
shown and e[Slained in the figure caStion. ,nN filPs of 
different thicknesses were obtained by printing single 
and double la\ers of  the inN. 7he inN filPs were dried�
cured in between prints, allowing for measurements to 
be taken. Samples were prepared in this way to allow 
for the characteri]ation of  the alginate filPs and single 
layer prints alone, before characterizing the multilayer 
prints. This methodology also allowed the impact of 
each la\er on the final deYice SerforPance to be better 
understood.

+1 = High Level
−�� �/RZ�/HYHO
D = Dielectric
S = Silver

D+1

Alginate

+1

S+1S−1

D−1

D−1

D−1D+1

D+1

−1

S+1S−1

D−1

D−1

D−1D+1 D+1

D+1

Figure 3: Sequence of sample preparation: −1 for alginate obtained 
using a #14 Meyer rod and +1 obtained using a #20 Meyer rod, S−1 
and D−1 refer to single layer silver and dielectric, and S+1 and D+1 

refer to double layer silver and dielectric, respectively

3.2 Printing

The print pattern used is shown in Figure 4. Figure 4a 
shows each individual layer and how they were overlaid 
onto one another, while Figure 4b depicts the com-
Sleted final deYice.

The inks were screen-printed onto the alginate coated 
PET samples using an AMI MSP-485 semi-automated 
screen printer. Double layer samples were accomplished 
b\ first Srinting and dr\ing�curing the first la\er Srior to 
Srinting the second la\er on toS of  the first. 7he saP-
ples were then cured/dried using a Fusion UV curing unit 
equipped with a D bulb (Peak Radiated Power at approx-
imately 375 nm, FusionUV, 2015). The samples were 
passed through the Fusion UV curing unit at 75 m/min, 
until fully cured (no longer tacky to the touch), which 
took anywhere from 3 to 4 passes. Using an IR tempera-
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ture probe, the curing unit temperature within the Fusion 
89 drier was Peasured to be ��.� �&, which was suffi-
cient to fully dry the silver ink after 3–4 passes. The pat-
tern Srinted for each inN was a � cP ï � cP solid blocN. 
7he sSecifications for the screen used are giYen in 7able 
3. After drying/curing, the roughness (Sa) and thickness 
of  the Srinted filPs were Peasured.

Table 3: Screen specifications

Manufacturer Specifications

Microscreen 
�South %end, ,1�

230 lpi mesh

�.����ȩ wire diaPeter at 
45º wire angle

�� �P thicN ePulsion

3.3 5ePoYal of  the sacrificial la\er

After measuring all the desired properties of  the PET 
printed samples, the samples were wetted with room 
temperature (21 °C) deionized (DI) water to dissolve 
the sacrificial la\er of  sodiuP alginate and the Srinted 
layers lifted-off  the PET. After retrieving the self-sup-
Sorted filPs froP the water, the filPs were blotted dr\ 
and retained for further measurement.

3.4 &haracteri]ation of  filP SroSerties

The Young (1805) equation has been known for over 
two centuries. ,ts Podified forP �(Tuation >�@� is as 
follows:

 
J θ J JLV SV SLcos = �  [4]

where γLV is the liquid-vapor interfacial tension or surface 
energy, γSV is the solid-vapor interfacial tension, γSL is the 
solid-liquid interfacial tension, and θ is the contact angle. 

This equation and the measured value of  the contact 
angle are still being used as the basis for calculating the 
surface free energies of  the filPs. +oweYer since its 
inception, as the result of  further studies, other con-
tact angle measurement methods for the determination 

of  the surface free energy of  polymeric materials have 
evolved. These methods have been widely adopted as 
they are relatively easy to perform and of  high accuracy. 
One such method is the Owens–Wendt method. In this 
method, the surface free energy of  a solid is determined 
from the following Equation [5]:

 
 [5]

where γd
S, γd

L, γp
S, γp

L are dispersion and polar components 
and γL is the surface free energy of  measuring liquid. 
Because γd

S and γ p
L are both unknowns, this equation is 

insufficient to deterPine the surface free energ\ of  a 
solid. Thus, the contact angle of  two liquids of  known 
surface tension must be measured. By making these 
measurements, two linear equations in the form below, 
with different Yalues of  the constant coefficients are 
obtained (equations [6a] and [6b]).

 
x ay b+ = +( )1 1cosθ  [6a]

x cy d+ = +( )1 2cosθ  [6b]

where , py , and θ1 and θ2 are the con-
tact angle values of  the two known liquids, and a, b, c, 
d are the coefficients deSendent on the Nind of  liTuids 
used. For this method, one liquid with a dominant polar 
component and one liquid with a dominant dispersive 
component should be used. By using such liquids, the 
solution of  the system of  above linear equations is 
affected as little as possible by the errors accompanying 
the determination of  the γd

L and γ p
L values.

The Owens-Wendt method is one of  the most common 
methods used for calculating the surface free energy of 
solids and the two most frequently used measurement 
Áuids used are water and Peth\lene iodide �diiodoPeth-
ane). This method was used to determine the surface 
energies of  the filPs. 7he contact angles of  water 
and methylene iodide were measured with a First Ten 
Ångstrom dynamic contact angle measurement device, 
which captures the change in contact angle with time 
with a high-speed video camera (FTA, 2015; Owens 
and Wendt, 1969). Once captured, the change in contact 
angle with time was plotted, and the equilibrium contact 

Figure 4: Three layer structure in a) exploded view, b) top view
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angle obtained and used in the calculation of  the surface 
energy of  the solid to which the liquids were applied. 
Five equilibrium contact angles were obtained for each 
Áuid froP which fiYe surface free energ\ Yalues were 
calculated. The equilibrium contact angle is the angle 
where no further change in contact angle with time was 
observed. The average surface free energies (total, polar 
and dispersive) for each sample are reported.

The resistance of  the conductive ink layers and capac-
itance �using the dielectric inN filPs as the insulating 
la\er with dielectric test fi[ture� were Peasured with the 
instruments listed in Table 4. The dielectric constant of 
the dielectric layers was then calculated from the capaci-
tance measurements using Equation [1]. The sheet resis-
tivities of  the samples were obtained using a four point 
probe sensing station consisting of  a Keithley 2602 Dual 
Source Meter with a SMR Probe Head from Bridge 
Technology. The two outer probes are used for sourc-
ing the current, and the two inner probes are used for 

measuring the voltage across the layer. The sheet resis-
tivity is calculated from the measured voltage, applied 
source current, and dimensions of  the conducting 
layer. After printing all the layers of  the capacitors, the 
capacitance was measured using an LCR meter (Agilent 
E4980A) over a range of  frequencies (1 Hz to 1 MHz), 
and the impedance response was measured. Based on 
the response, the capacitance values were calculated. 
Attempts to measure the electrical properties while 
being Áe[ed on a 0arN��� instruPent and attached 
to a Keithley 2602 Dual Source Meter failed, due to 
the inability of  the samples to survive the test without 
tearing. 7o deterPine the densities of the filPs, the 
weights, thicNnesses, and areas of the Srinted free filPs 
were measured. The areas were measured using an 
ImageXpert image analyzer. The weights were obtained 
using a Mettler digital balance. Attempts to determine 
the stiffness of the filPs with a *urle\ Stiffness test 
instruPent failed due to the stiffness of the filPs being 
below the detectable limits of the instrument.

Table 4: Electrical characterization equipment and measurement parameters

Test Equipment Measurement Parameters

Keithley 4200-SCS  
Semiconductor Characterization System

&aSacitance �for final deYice onl\�, 5esistance,  
Effective Dielectric Constant

Keithley 2602 Dual Source Meter � ƙ to � 0ƙ Surface 5esistance

Keithley 6517A High Impedance Test Set  
and ASTM D257 Resistivity Test Fixture ! � 0ƙ Surface 5esistance

$gilent ����% Pƙ 0eter � � ƙ Surface and %ulN 5esistance

Agilent E4980A LCR Meter &aSacitance �for final deYice onl\�,  
Effective Dielectric Constant

4. Results

The surface free energies of  the alginate coated PET 
filPs are shown in 7able �. $s shown, the surface free 
energ\ increased with increasing filP thicNness. 7his 
could be because at the higher alginate filP thicNness, 
the lower surface free energ\ P(7 did not inÁuence the 
PeasurePent, but for the thinner alginate filP, it did. 
This is reasonable explanation when one considers the 
high solubility of  alginate in water. It should be noted 
that observations were made, after running the test, 

showing less of  the thinner alginate filP rePained on 
the area where the water made contact in comparison 
to the thicNer alginate filP �testing tooN aSSro[iPatel\ 
30 seconds).

7he high surface free energ\ of  the alginate filP is due 
to the large number of  carboxyl and hydroxyl groups 
in the polymer (Figure 5) (visit-alginate, 2015). The 
polar groups attract the polar components of  the test 

Table 5: Influence of alginate film thickness on surface free energ y

Substrate 
(Alginate Film Thickness) PET +1* 

(14.41 µm)
−1* 

(6.88 µm)

Polar [mJ · m−2] 2.3 ± 0.2 30.3 ± 0.2 15.5 ± 0.2

Dispersive [mJ · m−2] 41.5 ± 0.2 29.7 ± 0.5 31.3 ± 0.5

Surface free energy [mJ · m−2] 
(polar + dispersive) 43.8 ± 0.5 60.0 ± 0.7 46.8 ± 0.7

*Refer to Figure 3
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Áuid �i.e., water, +22�, Sulling the Áuid·s Polecules awa\ 
from one another and toward those contained on the 
substrate causing the Áuid to sSread. 7his increased 
spreading then lowers the contact angle at which the 
Áuid contacts the substrate·s surface decreasing the Áu-
id’s thickness (e.g. water, ink, etc.).
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Figure 5: Molecular structure of sodium alginate 
(FP-Chem, 2011)

The surface roughnesses of  the +1 and −1 alginate 
filPs �which are the ��.�� and �.�� ƬP thicN alginate 
filPs, resSectiYel\� are shown in )igure �. 7he aYer-
age roughnesses, Sa, of  the �� and î� filPs are �.�� 
and �.�� ƬP, resSectiYel\. 7he higher roughness of  the 
thicNer alginate filP could be the result of  the coarser 
grooYes on the ��� 0e\er rod or greater filP shrinNage.

Figure 6: Surface roughness a) of the +1 (14.41 µm) alginate film, b) of the −1 (6.88 µm) alginate film

After fully characterizing the alginate layers, the rough-
ness and thickness of  the dielectric and conductive 
la\ers Srinted oYer the alginate filPs, according to the 
experimental setup, were measured. The results are 
shown in Figures 7 and 8.

7he roughness Yalues of  the silYer la\ers were signifi-
cantly higher than the dielectric layers due to the pres-
ence of  silYer ÁaNes in this inN. 7he roughness of  the 
alginate layers had little or no effect on the roughness 
of  either the conductive or dielectric layers. This would 
indicate that the thickness of  these layers, as a result of 
the properties of  the ink, screen-printing or drying pro-
cesses, was sufficient to oYercoPe the roughness of  the 
alginate filP. Since the roughness of  the alginate filP 
was related to its thickness, it can be concluded that the 
thicNness of  the alginate filP had no inÁuence on the 
roughness of  the printed layers.

$ coPSarison of  the ��.�� ƬP ���� and �.�� ƬP �î�� 
alginate Srinted saPSles shows an inÁuence of  these 
la\ers on inN filP thicNness of  both the single and dou-
ble la\er Srinted conductiYe and dielectric inN filPs. $ll 
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Figure 8: Comparison of film thickness values

dielectric inN filPs �single and double, î�' and ��' 
respectively) were thinner than the conductive ink 
filPs. ,t is also seen that all inN filPs Srinted on the 
�.�� ƬP �î�� alginate filPs are thinner in coPSarison 
to the ��.�� ƬP ���� filPs, with the e[ceStion of  the 
���î�Sî�'� saPSle. 7his could be attributed to the 
differences in surface free energies of  the alginate filPs. 
The higher polarity (due to the presence of  carboxyl 
and hydroxyl groups on the alginate, Figure 5) of  the 
��.�� ƬP ���� alginate filP could SreYent the dielectric 
and conductive inks from spreading, consequently pro-
ducing a thicNer inN filP.

Due to edge effects, the thicknesses of  the single and 
Pultila\er filPs were difficult to Peasure. (dge effects 
are common with all printed samples, due to ink spread-
ing. The contact angle is a measure of  liquid wetting 
and spreading, the lower the contact angle, the more 
liquid (ink) wetting that occurs. The amount of  spread-
ing that occurs can also be inÁuenced b\ how TuicNl\ 
the inN filP is dried. Since the saPSles were Srinted on 
filP, sSreading would be e[Sected to be greater, than if 
printed on a porous substrate. As shown in Figures 9 
and 10, the thicknesses of  the printed layers were lower 
at the edges, where more spreading occurred. This can 
be seen in both the 2D topographical image in Figure 9, 
and froP the reSresentatiYe toSograShical Srofile of 
the [�Srofile in )igure ��, where the sloSe of  the line 
decreases froP left to right. 7he high Pagnification of 
the %ruNer *7�. obMectiYe �onl\ a ��ï obMectiYe was 
aYailable for use� also increased the difficult\ of  this 
measurement by minimizing the area of  view to approx-
iPatel\ �.��� PP ï �.�� PP.
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Figure 10: Profile of î1D ink on +1 alginate edge effect

The sheet resistivities of  the conductive printed layers 
are shown in Figure 11. All measurements were made 
on PET. Figure 11 shows the importance of  reporting 
sheet resistivity versus alginate layer thickness. The large 
deviations show the unreliability of  this test method. 
The bulk resistivities of  the samples are shown in 
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)igure ��. %ulN resistiYit\ �e.g., units ƙ                                            · cm) accounts 
for the thicNness of  the inN filP within its calculation, 
while sheet resistance does not. It does this by multiply-
ing the sheet resistance by the thickness, giving a resist-
ance times length. The performances of  the thicker ink 
filPs are significantl\ better due to the additional thicN-
ness. For this reason, the sheet resistivities of  the dou-
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Figure 11: Changes in sheet resistivity of single and double printed silver ink layers 
as a result of altering the thickness of the sacrificial alginate coating layer
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Figure 12: Changes in bulk resistivity of single and double printed silver ink layers as a result of  
altering the thickness of the sacrificial alginate coating layer 

ble layer conductive samples are lower than the single 
layer samples. The thickness of  the alginate layer had a 
greater effect on the sheet resistivity of  the thinner con-
ductiYe filP in coPSarison to the thicNer one.

As seen in Figure 13, the dielectric constants are lower 
for the inN filPs lifted�off  the thinner alginate coated 
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P(7 saPSles in coPSarison to the dielectric filP Srinted 
on the thicker alginate sample. The +1+1D sample was 
not reported because its values were repeatedly meas-
ured as being negative, indicating that the thickness val-
ues for these samples were wrong. Unfortunately, the 
measurements could not be repeated without reprinting 
all the samples for consistency of  the results.

,nN filP densities were able to be deterPined after 
rePoYal of  the filPs froP the P(7. )igure �� shows 
the results obtained by measuring the weight and caliper 
of  the samples of  known dimensions. From Figure 14 
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Figure 13: Comparison of the dielectric constants of single and double layer printed dielectric ink layers over alginate films of varying thicknesses

it may be seen that the density of  the second layer is 
higher than that of  the first la\er �for both the silYer 
and dielectric inks). This could be due to an incomplete 
rePoYal of  solYents in the first la\er, or due to inaccura-
cies of  the thickness measurements incurred by the edg-
ing effects. %\ haYing solYent left in the first la\er Srior 
to drying of  the second layer the second layer during 
curing acts as a solvent trap on the solvents trying to 
escaSe froP the first la\er. ,f  the saPe Sercentage of 
solYent was rePoYed, all the silYer filPs would haYe the 
saPe densit\ and all the dielectric filPs would haYe  
the same density.
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Figure 14: Changes in ink film density resulting from the printing of a second silver and dielectric layer
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In Figure 15 the top and bottom side roughness of  the 
self�suSSorted conductiYe �silYer� inN filPs are coP-
Sared �these are free filPs, no substrate suSSorting 
them). As shown, the roughness of  the topside (the 
side that was not in contact with the P(7 filP� is nearl\ 
twice as rough as the side of  the filP, which was in 
direct contact with the alginate coated P(7 filP Srior to 
its removal in water.

Similar differences can be seen between the top side and 
bottoP side for all the silYer filPs in )igure ��.

The difference in surface topography of  the top and 
bottoP surface of  the filPs is attributed to the differ-
ence in the smoothness of  the surfaces in which they 
are in contact. That is, the top side is the side that con-
tacts the printing screen, which is highly rough due to 
the mesh openings, as well as being exposed to the par-
ticulate matter within the environment during drying. 
,n oSSosite, the bottoP side of  the inN filP is in direct 
contact with the highly smooth (in relation to the print-
ing screen� alginate coated P(7 filP, and is Srotected 
from the environment during drying. This difference 
in roughness is apparent when looking at the differ-

Figure 15: Roughness of the self-supported ink films for a) î1+1S top side (Sa = 0.74 μm), b) î1+1S bottom side (Sa = 0.342 μm)

ences between the top and bottom Sa statistical values. 
The Sa value depicts the average roughness averaged 
over an area (a 3D parameter) (Olympus-IMS, 2015; 
Cohen, 2013). The differences in topography of  the top 
and bottoP side of  the conductiYe inN filPs shows an 
approximate 50 % reduction in Sa values.

2ne of  the Pain obMectiYes of  this research was to deter-
Pine if  the self�suSSorted filPs �coPbined to create a 
capacitor) could be wound without damage to the ink 
la\ers and caSacitor itself. 7his obMectiYe was successfull\ 
achieved. A single stacked, self-supported capacitor was 
successfully created as seen in Figure 17, and successfully 
wound without damage, as seen in Figure 18. The gain in 
deYice Áe[ibilit\ as a result of  not haYing a carrier sub-
strate layer is obvious. These encouraging results show 
promise for the use of  this technology as a means to pro-
duce a supercapacitor by winding a multi-stacked device 
or to PiniPi]e the si]e of  a deYice to fit into tight Slaces 
or where substrate compatibility issues to the surface to 
which it is to be attached is faced. The ability to bend 
devices can improve the attachment to surfaces, enabling 
its SlacePent in confined sSaces and adYancing efforts to 
further miniaturize devices. It has also been shown that 
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the side of  the Srinted filP lifted off  the rigid substrate 
is much smoother. This can be advantageous for mul-
ti-layer prints by requiring less ink to achieve complete 
surface coYerage. So in Sractice, a Srinted filP could be 
lifted froP a sPooth surface, ÁiSSed, and Srinted with 

minimal ink for coverage. By demonstrating that the 
self-supported layers could be rolled, it is feasible that 
a supercapacitor could be created through the addition 
of  an insulating layer to prevent shorting upon winding. 
This work is currently in progress.

Figure 17: Self-supported unwound capacitor Figure 18: Self-supported wound capacitor

5. Conclusions

A process to produce self-supported electrically 
functional ink layers was demonstrated. Smooth alg-
inate filPs on a P(7 substrate �sacrificial substrates� 
were produced by coating a 6 % solution of  algi-
nate with a mass fraction of  20 % of  gly cerol. This 
filP serYed as a sacrificial la\er for enabling the lift�
off  of  screen-printed thermal conductive and UV 
dielectric inN filPs froP a P(7 filP after iPPersion 
of  the printed samples in distilled water. The thick-
ness of  the alginate filP was found to inÁuence the 
thickness of  the printed dielectric and conductive lay-
ers, which impacted their electrical performance. The 
abilit\ to Sroduce self�suSSorted filPs to deterPine 
the dielectric constant of  a dielectric inN filP at dif-
ferent thicknesses was demonstrated. This is further 
suSSorted b\ the fact that the final dielectric Peasure-
ment of  3.81 (dielectric constant), calculated (using 

(Tuation >�@� froP the final caSacitance PeasurePents 
(from the fully printed capacitor) was within range of 
what the manufacturer (Table 2) reported (which is 
about 4). This was also true for the conductive inks’ 
sheet resistivity measurements, which were reported as 
being between �.���²�.��� ƙ�sT. 7he finding of  the 
differences from the top to bottom side conductive 
filP roughness is of  great interest. 7he abilit\ to use 
the bottom side of  a printed layer, for use when high 
smoothness is required may prove to be valuable. The 
density measurements also proved to be highly useful 
when calculating for the bulk resistivity and will be 
highly useful for any situation where accurate densities 
need to be accomplished. The ability to wind a fully 
printed self-supported capacitor was demonstrated 
and holds promise for the creation of  supercapacitors 
by this technique.
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