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by the halide. These are then stabilized by reintroduction of
water [22].

For the ink to be smoothly released from an inkjet printer
nozzle, the viscosity, surface tension, volatility, and particle
size must be optimized. Through experimentation we have
found that recently commercialized silver nanoparticle ink
from Mitsubishi Paper Mill, part number NBSIJ–MU01, has
an appropriate dispersing medium for some desktop inkjet
printers. At the time of writing, NBSIJ–MU01 costs around
JP U20,000 per 100 ml when purchased directly from Japan.
This translates to around US$50/m2 or 5 US cents per meter
for a 1 mm wide trace2.

Methode electronics, Inc. produces a range of four similar
inks, Conductive Inkjet Inks 9101–9104. We have not yet
evaluated this product but based on the information in the as-
sociated data sheets, it leverages the same chemical sintering
process as NBSIJ–MU01 and should be compatible with the
techniques we describe in this paper. Methode also supply a
‘kit’ containing a consumer-grade Epson ink-jet printer, 20ml
of conductive inkjet ink and 40 sheets of coated substrate for
US$900.

Selecting a suitable printer
We couple the silver nanoparticle ink with a commercial off-
the-shelf desktop inkjet printer, thereby avoiding custom or
expensive equipment. These printers typically deform piezo-
electric material in the nozzle in order to deposit ink droplets
on a paper substrate. We have focused on inkjet printers man-
ufactured by Brother Co. because their nozzles tend to eject
higher volumes of ink than alternative brands, which means
that greater amounts of conductive ink can be deposited. The
results presented in this paper are from a Brother DCP–J140w
(Figure 1), chosen simply because it was the least expen-
sive model available on Amazon.com when we purchased
it in 2012! Silver ink can be loaded into the machine by
filling empty refillable ink cartridges provided from a third
party company. We used a small plastic syringe to do this,
see Figure 2. Note the use of a disposable filter to keep any
contaminants out of the print pipeline. Reuse of original ink
cartridges is not recommended because residual ink may con-
taminate the silver nanoparticle ink and result in poor sinter-
ing. The prices of the printer and the empty cartridges were
US$76.99 and US$8.99 respectively.

Desktop inkjet printers typically use at least four different
colors (CMYK) to print a full color image. Compared to
regular ink, it is necessary to print a relatively thick layer of
ink to achieve high conductivity, so the ink should be loaded
into all of the cartridge positions. In our experience with the
Brother DCPJ140w, at least 10ml of ink is needed in each
cartridge, perhaps 15ml in the larger black cartridge. Note
that this model of printer doesn’t have any electronic iden-
tification or level detection built into the cartridge itself, but
instead appears to employ a relatively simple optical level de-
tection mechanism. It should be noted some printers do not
use the K cartridge at the same time as CMY cartridges.
2Prices may vary depending on the supplier and exchange rate, we
are assuming US$1 = JP U100. International orders are available
through Mitsubishi Imaging, Inc. [1].

Figure 2. Filling an empty cartridge with conductive silver ink using
a plastic syringe and disposable filter. Note that the ink is dark brown
before it sinters.

Choosing a substrate to print on
Inkjet printer paper is typically chemically coated to absorb
the ink effectively and prevent smearing. This thin, porous
coating plays an important role in the chemical sintering of
the silver nanoparticle ink. In addition, surface roughness is
also an important factor in establishing the nano-scale con-
ductive structure on the surface.

Resin coated paper, transparent PET film and white PET
film suitable for inkjet printing of chemically sintered silver
nanoparticle ink are commercially available from companies
such as Mitsubishi Paper Mill. However, we have also used
glossy photo paper, such as Kodak Premium Photo Paper and
Fujifilm Photo paper Kassai Pro.

We have also found a number of substrates designed for desk-
top inkjet printing which are not suitable for instant inkjet
circuits. These include canvas cloths (Item 652–041, Office
Depot), magnet sheets (Item 652–061, Office Depot), Iron-
on Transfer Sheet (Item 327–537, Office Depot), Clear la-
bel seal (28791, A-One), and Clear Transfer seal (51112, A-
One). With these substrates we found the sheet resistance of
printed structures was in excess of 100 k⌦/⇤.

Software
No customized software is required to drive the printer al-
though the settings of the printer driver should be configured
for optimum performance. In short, the best conductivity is
achieved when the settings are configured as shown in Table
1. The aim is essentially to as much ink as possible deposited
on the paper because good conductivity relies on each ‘dot’
of ink merging with its neighbors to form a continuous con-
ducting path. Note that in “photo” mode, the printer uses C,
M and Y simultaneously to create black, which means more
ink is used compared with the case when only K is used.

Any vector or pixel-based drawing software can be used as
long as the conductive pattern is drawn in the color black.
Figure 3 shows a printed circuit board for an Arduino, which
illustrates two things: Firstly, it is straightforward to print
Gerber format files which are commonly used for printed cir-
cuit boards. The second point is that transparent film can be



Figure 13. Hilbert pattern; 200 mm ⇥ 200mm. Result of TDR changes
depending on how the surface is touched (left) and position of pointed
(right).

the emergence of conductivity is heavily dependent on sur-
face coating and smoothness. The printed pattern is flexi-
ble but not stretchable – even if the underlying substrate is
stretchable the microscopic structures inside the silver traces
would likely be broken and conductivity lost. Having said
this, we have so far been pleasantly surprised about the dura-
bility of the circuits we have prototyped.

Users should observe the health and safety guidelines de-
scribed in the materials safety data sheets supplied with the
ink, especially when loading an empty cartridge. Although
NBSIJ–MU01 is water-based and may be washed away with
soap and water before it dries, users should wear rubber
gloves and goggles to protect eyes and hands. The ink dries
instantly when it is printed onto coated paper so there is no
need to treat the printed pattern. In general, silver itself is
not toxic and is not classified as a harmful metal so when
it’s dry we are not aware of any special precautions which
are necessary. Since the size of the silver nanoparticles is
larger than color particles in standard ink, the nozzle can be-
come clogged. In most cases we found that the built-in printer
cleaning operation clears the clogging if run a few times.

Future research directions
We are excited to explore a number of future directions for
this work. One important issue to address is the single-layer
nature of inkjet printed circuits, which is quite limiting in
comparison to multi-layer PCBs. We would like to explore
the combination of inkjet printing and laser cutting to create
sets of origami-style circuits which interconnect with each
other. This would allow the creation of 3D prototypes with
embedded conductors, as proposed in [18].

In a similar way, circuits with cut-outs, folds and multiple el-
ements could be used to implement a wider range of sensing
devices – such as push switches, sliders, weighted orienta-
tion sensors and so on. Not only could cheap sensors like
this be useful in a UbiComp setting, but they could also be
valuable for education. Using instant inkjet circuits in the
classroom it would be possible to introduce students to basic
electronics principles very cheaply, and coupled with the use
of anisotropic self-adhesive tape a range of electronic com-

ponents could be used to augment the experience. Ultimately
it might be possible to adopt a solderless modular electron-
ics platform like .NET Gadgeteer [11] to use an inkjet printed
substrate for interconnect instead of individual cables. This
would support a quite sophisticated learning experience more
cheaply and easily than is currently possible.

Throughout this paper, all the patterns printed have been digi-
tally created, but it is of course possible to hand-draw circuits
with a regular marker pen and then transform them into con-
ductive circuits using the printer in its ‘photocopier’ mode.
We have done some initial tests which show this works. It
opens up yet more applications in the education domain, and
is very appealing for digital crafting and beyond[15, 10, 17].

One final area we are excited to explore is the creation of
more sophisticated prototypes by loading different materials
into the different inkjet cartridges. This might allow us to
vary the resistance of printed structures which could form the
basis for printed resistive sensors. Other printable materials
under active development are targeting ink-jettable transis-
tors, organic LEDs and even batteries [13], and whilst these
currently still require very controlled laboratory conditions,
we hope that in time they will also become more accessible
in the same way that nanoparticle silver ink has. We also
want to explore the use of printed polyester insulating layers
and may eventually support inkjet printed sensors using with
grapheme and carbon nano-tubes.

CONCLUSIONS
In this paper we presented an approach to inkjet printing flexi-
ble circuits in the laboratory which has only recently become
possible. In particular, a chemical sintering process means
that it is now possible to use inexpensive off-the-shelf inkjet
printers, making the technology very accessible to practition-
ers. There is no need for a time-consuming thermal sin-
tering step, making the process almost instantaneous. The
fundamental enabler is a range of chemically-sintered silver
nanoparticle inks available from several suppliers.

We have described in detail the materials, equipment and
techniques which we have found to be effective. For exam-
ple, the use of anisotropic electrically conductive adhesive
tape for mounting components onto inkjet circuits in some
senses matches the ‘solder-less’ characteristic of breadboard
circuits, in that it is incredibly quick, easy even for non-
experts, and allows components to be removed and subse-
quently re-used.

In addition to breadboard and PCB replacements, the prop-
erties of our instant inkjet circuits allow us to support a va-
riety of additional applications within the broader domain of
ubiquitous computing. In addition to providing enough prac-
tical details for others to replicate these techniques without
repeating the mistakes we made along the way, the specific
contributions we present in this paper are:

1. a characterization of printed trace sheet resistance and how
this changes as the traces dry, bend and age;

2. measurements of the beneficial effects of humidity and
over-printing on sheet resistance;
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Figure 8. Operating principle of an inter-digitated capacitive sensor.

Figure 9. A plush toy instrumented with an instant inkjet printed ca-
pacitive sensor ribbon.

can be readily integrated with flat, curved or even flexible
surfaces. The printed sensor electrode can be used to detect a
slight change of permittivity near its surface; this signal can
be easily read by off-the-shelf microcontrollers such as Ar-
duino. In our prototype, we attached the sensing ribbon to
the inside of the skin of a stuffed toy, see Figure 9. Since
the capacitance of each strip can be read independently us-
ing multiple microcontroller I/O pins, it is possible to detect
the exact touch location, causing the toy to react differently
depending on the how the user touches it during interactions.

Capacitive sensing for liquid level detection
Figure 10 shows another example application based on a
ribbon-shaped inter-digitated sensing sticker. A laminate-
coated sensor strip is attached to the inside of a drinking glass.
The flexibility of the ribbon allows it to fit to the curved sur-
face of the glass. Its capacitance is measured using an Ar-
duino nano and the Arudino CapSense Library. The graph
in Figure 10 shows a very good correlation between mea-
sured capacitance and liquid level, and for comparison the
printed sensor is much more accurate than the RFID-based
system presented in [3]. Since the sensor ribbon is insulated
by a laminate coating, it will not contaminate the liquid in the
glass (or vice-versa). The manufacturing cost of one sensor
ribbon is no more than a few cents while the Arduino-based
capacitance reader costs a few tens of dollars.

Printed Antennas
An antenna is an electronic component that converts electri-
cal energy into electromagnetic radiation in the form of radio
waves and vice-versa. The simplest antennas consist of only
an arrangement of metallic conductors, and in this case the
conductivity, permittivity and shape of the antenna has a huge
bearing on its performance.
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Figure 10. A laminate-coated inter-digitated capacitive ribbon is at-
tached inside a drinking glass. The ribbon is connected to the digital
I/O of Arduino nano in order to measure the capacitance which is pro-
portional to the liquid level

Figure 11. University logo is modified as
915MHz UHF band antenna. RFID chip is
attached using conductive epoxy.
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Figure 12. Performance
of custom printed RFID
tag.

A 915MHz band dipole antenna was designed based on a uni-
versity logo using the CST Studio microwave simulator. The
dimensions of the antenna are such that it fits onto a standard
sized business card. The antenna impedance was matched
to that of a standard RFID chip to support direct attachment
to the antenna terminals using conductive epoxy. Figure 11
shows the final antenna design, which is a combination of the
university logo and a functional UHF folded dipole antenna.
Figure 12 shows the performance of the assembled RFID tag,
which was comparable to that of a commercial low-profile
UHF RFID tags. This result demonstrates that our instant
inkjet printing process is suitable for prototyping RF struc-
tures such as antennas.

Time domain reflectometry
Wimmer et al. did not suggest the use of inkjet printing their
work on time domain reflectrometry for sensing interaction
[21], but we have successfully implemented this technique
using an inkjet printed transmission line, see Figure 13. We
used a Hilbert curve as the basis of the stripline pair which
makes up the transmission line. This is a fractal space-filling
curve that gives a fairly good mapping between 1D and 2D
space that preserves locality, which means that the pattern
offers consistent touch resolution in the x and y directions.

DISCUSSION

Additional practical issues
Throughout the course of this work we have been pleasantly
surprised how well the inkjet process has worked. Of course,
a number of issues have come to light. As already mentioned,
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Where	
  to	
  buy	
  
•  Product	
  Info	
  
–  hTp://www.k-­‐mpm.com/agnanoen/agnano_ink.html	
  

•  Ink	
  Product	
  Number	
  
–  NBSIJ-­‐MU10	
  

•  Paper	
  
–  NB-­‐RC-­‐3GR120	
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