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Room-temperature printing of conductive traces has the potential to facilitate the direct writing of elec-
tronic tattoos and other medical devices onto biological tissue, such as human skin. However, in order to
achieve sufficient electrical performance, the vast majority of conductive inks require biologically harmful
post-processing techniques. In addition, most printed conductive traces will degrade with bending stresses
that occur from everyday movement. In this work, water-based inks consisting of high aspect ratio silver
nanowires are shown to enable the printing of conductive traces at low temperatures and without harmful
post-processing. Moreover, the traces produced from these inks retain high electrical performance, even
while undergoing up to 50% bending strain and cyclic bending strain over a thousand bending cycles. This
ink has a rapid dry time of less than 2 minutes, which is imperative for applications requiring the direct
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writing of electronics on sensitive surfaces. Demonstrations of conductive traces printed onto soft, nonpla-
nar materials, including an apple and a human finger, highlight the utility of these new silver nanowire inks.
These mechanically robust films are ideally suited for printing directly on biological substrates and may find
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Introduction

Electronic tattoos have garnered recent attention in the bio-
medical field as a flexible, low-cost approach for creating bio-
interfacing electronics.”™ The numerous publications on this
topic range in focus from sensors,” ' to light emitting
diodes," ™ to transistors."*'® Many of these reports describe
the fabrication of electronic tattoos (also referred to as epider-
mal electronics),®*'*'”2° which are skin-conforming elec-
tronic devices. Printed electronics are ideally suited for the fab-
rication of electronic tattoos due to their compatibility with
flexible substrates,>>?* low-cost fabrication,>® and customiz-
ability. While structure and materials may vary between
devices, electrically conductive inks are a common feature that
allow for the creation of intricate electronics. However, a
standard requirement for achieving low resistivity films with
printable conductive inks is some form of relatively harsh
post-processing.

Post-processing of printed conductive inks encompasses a
range of techniques, including sintering/annealing at elevated
temperatures (>70 °C),>*° rinsing or soaking in hazardous
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potential applications in the direct-write printing of electronic tattoos and other biomedical devices.
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chemicals, exposure to ultraviolet radiation or laser
sintering.>*?® These harsh conditions preclude printing
directly onto the epidermis, which would open the way for sig-
nificant developments in the area of patient-specific monitor-
ing or treatment with electronics. Thus, nearly all bio-interfa-
cing electronics are completely fabricated on disposable sub-
strates and subsequently transferred to a biological surface.
This method, referred to as the transfer method, is less than
ideal due to possible inconsistencies in transferring, which
could affect device performance, specific location for most
sensitive/desired operation, and lifetime. Thus, the develop-
ment of conductive printable inks that are curable at low temp-
eratures is key to enabling the next generation of biomedical
devices in the form of electronic tattoos.

In addition to direct-write printing onto sensitive biological
surfaces, seamless incorporation of electronic tattoos also
necessitates high levels of flexibility and the ability to with-
stand the repetitive bending strain caused by everyday move-
ment. Previous reports on low-temperature printed conductive
traces demonstrate admirable bending performance.*”*
These represent a crucial development towards realizing a
seamless bio-interface with electronics. Zhu et al. demon-
strates an ink with a rapid dry time but poor bending perform-
ance whereas Russo et al. develops an ink with superior
bending performance but required an extended dry time at
room temperature in addition to using nanoparticles, which
are known to be cytotoxic.>’ *° Developing an ink and printing
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approach that can yield both rapid curing time and optimal
bending performance has the potential to create a robust
printed electronic tattoo with an extended lifetime. One poss-
ible method to create this improved hybrid is the use of high
aspect ratio electronic materials as the functional component
for an ink. Silver nanowires (AgNW) are a high aspect ratio
nanomaterial that have decreased cytotoxicity as compared to
AgNPs of the same diameter.*>"! In addition, when interacting
with cells as a thin film, AgNWs have an even further reduced
cytotoxicity.*> Thus, AgNW inks could be used as a less dama-
ging alternative to AgNPs. Moreover, they have also shown
promise for achieving high conductivity printed traces and
have been shown to maintain their conductivity when the
underlying substrate is bent.**** In addition, conductive silver
nanowire networks can be created with minimal post-proces-
sing at relatively low temperatures (70 °C) with conductivities
orders of magnitude higher than silver nanoparticles (AgNP).*®
However, biological materials begin to degrade rapidly at
temperatures greater than 38-40 °C. Frequently, inks deliver
on one of these beneficial properties (low temperature printing
and bending performance) at the expense of the other. Thus,
an ink capable of a truly seamless interface with a biological
substrate must obtain high conductivity when printed at or
near room temperature.””

Herein, we demonstrate room-temperature aerosol jet print-
ing of highly conductive traces comprised of silver nanowires,
which facilitates the direct-write printing of conductive electro-
des onto biological materials, such as the epidermis. Silver
nanowires were synthesized and suspended in water with a
small amount of hydroxypropyl methylcellulose (HPMC) as a
viscosifier. We explored the temperature dependence of the
printing on the final printed film’s conductivity as well as the
importance of silver nanowire length and concentration on the
electronic properties of the film. We found that the sheet resis-
tance was dependent on both the printing temperature as well
as the ink concentration. Ultimately, we successfully developed
an ink that can be printed into conductive traces on sensitive
biological surfaces with the traces retaining their electronic
performance even under high bending strains of up to 50%.

Experimental
Materials

Silver nanowires were fabricated using the polyol method as
described in ref. 48. After rinsing the wires in acetone twice
and water once, the wires were suspended in water at the
desired concentration. These concentrations ensured ink stabi-
lity for up to 6 months. The silver nanoparticle ink was pur-
chased from UT Dots Inc. (UT Dots UTDAg40x) and mixed
with terpinol at a 9: 1 ratio of ink: terpinol.

Substrate preparation

All inorganic samples (glass, silicon, and polyimide Kapton)
were ultrasonicated in isopropyl alcohol for 5 minutes, rinsed
with deionized water, dried with nitrogen, and then ultrasoni-
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cated again in acetone and rinsed and dried using the same
method. No cleaning or sample preparation was performed on
any biological samples.

Silver nanowire printing

A 200 pm diameter nozzle was used to print all silver nanowire
traces and films. A print speed of 1 mm s™' was used for all
silver nanowire printing. The exact printing parameters varied
slightly from print to print to ensure consistent performance.
The sheath flow used was 25 SCCM, the atomizer flow rate was
40-50 SCCM, and the ultrasonic inducer current was
340-350 mA.

Silver nanoparticle printing

A 150 pm diameter nozzle was used to print all silver nanowire
traces and films. A print speed of 3 mm s™' was used for all
silver nanoparticle printing. While the exact printing para-
meters varied slightly from print to print, in general the
sheath flow used was 25 SCCM, the atomizer flow rate was 16
SCCM and the ultrasonic inducer current was 340-350 mA.
The silver nanoparticle ink was printed with a platen tempera-
ture of 60 °C and annealed in an oven at 200 °C for 1 hour.

Instrumentation and characterization

SEM images were taken at the Duke Pathology Lab and film
heights were measured using an optical profilometer (Zygo
NewView 5000) at the Shared Materials Instrumentation
Facility at Duke University. The sheet resistance of the de-
posited films was measured using a 4-point probe method and
a Keithley 2400 source measure unit.

Bend tests

The silver nanowire networks, using the 10 mg ml™" formu-
lation described above, were printed at 20 °C with no
additional processing for a total of 3 print passes. The silver
nanoparticle inks were printed at 60 °C and annealed at
200 °C for 1 hour with 1 printing pass. A Signatone H100 table-
top probe station connected to an Aglient Technologies
B1500A Semiconductor Device Analyzer was used to test the re-
sistance across the device in both bent and unbent states. All
tests were performed using a 127 um thick Kapton substrate.
In addition, all bending tests were performed by hand using a
dowel of the desired radius as a guide. The repetitive cycling
tests were performed by hand, measuring the sheet resistance
after a bending cycle was completed. Each test was performed
in quadruplicate. Bending strain was calculated using the fol-
lowing formula: ¢ = D/2R, where ¢ is bending strain, D is the
thickness of the substrate, and R is the bending radius, thus
50% bending strain occurs when the substrate us folded in
half.

Results and discussion

Silver nanowires were synthesized using the polyol method, as
described in a previous publication.*”® Both long (average
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length of 20 pm and an aspect ratio of 180) and short (average
length of 4 pm and an aspect ratio of 120) nanowires were sus-
pended in water at 2-3 mg ml™" and 10 mg ml™", respectively,
to create the inks used in this study. Water was selected as the
solvent because of its biocompatibility and relative ease of
creating nanowire suspensions. All printing for this work was
performed using an Optomec Aerosol Jet 300 printer. An
image and cross-sectional schematic representation of the
printer head and nozzle can be found in Fig. 1la. Aerosol jet
printing is the ideal deposition method for the printing of
high aspect ratio materials, such as silver nanowires, as this
method relies on a protective, annular sheath flow which sur-
rounds the ink as it is being carried through the deposition
nozzle. This sheath flow facilitates ink transportation to the
substrate surface, concentrating the ink stream into a dense
network with a small spot size and preventing the ink from
contacting the deposition head - an issue that has been pre-
viously reported to lead to nozzle clogging after only short
printing durations in the inkjet printing of silver nanowires.*’
Initial attempts at printing the nanowire inks without addi-
tives onto a glass slide created traces with undesirably high
sheet resistance (Fig. 1b). This was caused by a the ink spread-
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ing on the substrate due to the high surface energy of the glass
substrate,*® resulting in a diffuse line with a relatively wide
linewidth of approximately 150 um (Fig. 1c). The current path
in silver nanowire traces moves through a percolation network
(i.e., from one nanowire to the next nanowire and so forth);
thus, the sheet resistance of a nanowire film is largely depen-
dent on the number of conduction pathways. Increasing the
film density will increase number of conduction pathways,
which will decrease current crowding and reduce the resulting
film’s resistivity. As indicated by the image of the printed line
(Fig. 1d) and sheet resistance (Fig. 1b), respectively, the diffu-
sivity of the print necessitated the addition of a viscosity-modi-
fying additive to increase the line quality, and thus, the AgNW
density. Two different additives were explored, both of which
were chosen due to their low cost and relative biocompatibility.
Ethylene glycol at a concentration of 20% v/v was used success-
fully in previous publications describing silver nanowires sus-
pended in isopropyl alcohol.*® However, in this water-based
ink, the same percentage addition of ethylene glycol was
found to have a negative impact on the printed sheet resis-
tance after 1, 2, and 3 printing passes when compared to silver
nanowires in water alone. In water, the addition of the large
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Fig. 1 Printing of silver nanowire traces. (a) Aerosol jet printer head and cross-sectional schematic representation of printer nozzle. (b) Sheet resis-
tance values for silver nanowire films at 1, 2, and 3 print passes with various viscosity modifiers printed on glass. Error bars indicate one standard
deviation as measured over 6 separate prints. (c) Optical image of a printed silver nanowire trace with no additives or modifiers printed on glass. (d)
Optical image of a printed silver nanowire trace with the addition of 0.1% w/w HPMC printed on glass.
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volume of an insulating polymer leaves a non-conductive
residue on the deposition that can block current propagation
(Fig. S17). In contrast, the addition of only 0.1 mg ml~* HPMC
decreased the sheet resistance by 7 orders of magnitude with
one printing pass (Fig. 1b). A corresponding decrease in sheet
resistance was observed regardless of the substrate, where
nearly identical sheet resistance values were observed with
both silicon and glass substrates. In addition, the line quality
was greatly improved (Fig. 1d), with an average line width of
less than 80 pm and a significantly reduced line edge rough-
ness with almost no overspray. All subsequent tests were per-
formed with the addition of 0.1 mg ml™" HPMC to the water-
based ink.

The electrical properties of the nanowire traces were charac-
terized by measuring the sheet resistance of films created with
1, 2, and 3 printer passes (an image of these films is shown in
Fig. 2a). Testing both the short and long nanowire inks at a
range of concentrations (from 0.5 mg ml™" to their settling
concentrations of 3 mg ml™" and 10 mg ml™" for long and
short nanowires, respectively) indicated that the main factor
contributing to the reduction of sheet resistance at these
aspect ratios is the ink concentration (Fig. 2b and c), rather
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than the nanowire length. There were diminishing improve-
ments to the electrical properties when increasing ink concen-
tration greater than 5 mg ml™"; thus, for clarity we only plotted
ink concentrations below 5 mg ml™". Film thickness values
and an SEM image of the printed nanowire traces can be
found in Fig. S2 and S3,} respectively. As can be seen, at the
same ink concentration, the short nanowires produce a slightly
denser film, which may explain the small decrease in sheet re-
sistance observed when short and long nanowires are printed
at the same concentration.

Subsequently, the electrical properties of the printed films
were characterized for the short nanowires with varying printer
platen temperature (Fig. 2d). As expected, the sheet resistance
decreased with increasing printer platen temperature, reaching
a minimum of 0.13 Q sq~" with 3 passes of the short nano-
wires at 80 °C, as compared to commercial aerosol jet printed
silver nanoparticle ink (UTDots Inc., Ag40X), which achieved a
sheet resistance of 0.22 Q sq~"' after annealing at 200 °C. The
temperature dependence of the AgNW sheet resistance is
largely due to the evaporation rate of the solvent at different
substrate temperatures. An increased atomization flow rate,
and thus higher ink deposition rate, is possible at elevated
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Fig. 2 Characterization of printed silver nanowire films with 0.1% w/w HPMC. (a) Photograph of printed silver nanowire square with regions of 1, 2,
and 3 print passes printed onto glass. Sheet resistance values comparing short (average length 4 pm and an aspect ratio of 120) (b) and long
(average length 20 pm and an aspect ratio of 180) (c) silver nanowire inks at increasing printing passes (1 pass — solid, 2 passes — large dash, 3 passes
— small dash) as a function of ink concentration (printed at 80 °C) (d) Sheet resistance of short silver nanowire films (printed at 10 mg ml™) at
different platen temperatures as a function of printing passes. (e) Sheet resistance of long silver nanowire films (printed at 2 mg ml™) at different
platen temperatures as a function of printing passes. (f) Change in resistance for printed short silver nanowire traces at different platen temperatures

over time to demonstrate the effect of ink drying time.
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temperatures because the ink solvent evaporates rapidly
enough to maintain adequate line quality. Were the same high
atomizer flow rates of the elevated temperature prints
attempted at a lower substrate temperature, the ink would not
evaporate fast enough to prevent spill over from buildup of
liquid ink at a specific location (Fig. S4t provides an image
illustrating this phenomenon). This would, in turn, decrease
the nanowire density and thus increase the sheet resistance.
Hence, to maintain ideal line quality (and thus nanowire
density) the atomization flow rate must be modulated with
temperature. Even so, low resistances were achieved with 3
passes of the nanowire ink at all printing temperatures and
single digit sheet resistances were observed at room tempera-
ture with the short nanowires. These sheet resistance values
are on par with other low-temperature printable conductive
inks that required elevated temperature®®*® or chemical
annealing post-processing.”® The same temperature trend was
observed with the long nanowires (Fig. 2e); however, the long
nanowires could not be suspended at a concentration higher
than 3 mg ml™".

In addition to sufficiently low resistivity, a direct-printed
electronic tattoo must have a rapid curing time to ensure func-
tionality, as it would be unreasonable for a patient to wait
hours before a device is capable of conducting current. To test
drying time, a silver nanowire trace was printed to connect two
conductive pads and the electrical resistance was measured as
a function of time. The results are shown in Fig. 2f. At room
temperature, the traces achieved a resistance within 5% of the
final resistance less than 2 minutes after printing. This high
resistance duration decreased with increasing platen tempera-
ture as the solvent evaporation rate was increased.

Addressing the need to withstand repetitive bending strain
caused by wearer movement, Fig. 3 explores the bending pro-
perties of the conductive traces created with the printed nano-
wire inks. Silver nanoparticles were selected as a comparative
ink as they are the most frequently used ink for printing con-
ductive traces. The nanowire films did not experience any
noticeable change in electrical performance until undergoing
a bending radius of less than 5 mm (depicted in Fig. 3a) and
saw only a 7.2 + 0.3% increase in sheet resistance on average
when the underlying substrate was folded in half and creased
(as can be observed in the inset of Fig. 3a). This is two orders
of magnitude lower than the change in sheet resistance when
silver nanoparticle traces are bent (Fig. S5t). In addition, the
increase in resistance with the nanowire films was reversible
for all bending radii (Fig. S61 shows the resistance change
with 6 consecutive bending cycles at a bend radius of 0.1 mm).

Cyclic bend tests on both nanowire and nanoparticle
printed films were performed to test integrity under repetitive
bending. The nanowire films performed significantly better
than the nanoparticles under both tensile and compressive
bending strain at small and large bending radii (Fig. 3b). After
1000 bending cycles at a 10 mm bend radius, the nanowire
films reached a maximum sheet resistance only 5.7 + 1.6%
higher than baseline on average for both tension and com-
pression bending cycles, whereas the nanoparticle films had
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Fig. 3 Physical bending properties of printed silver NW traces on Kapton.
(a) Change in resistance of printed silver nanowire trace as a function of
bending radius — measurements taken while substrate was bent. The
median is marked with a red line. The first and third quartiles are demar-
cated by the blue box and the whiskers extend to the furthest data points
not considered outliers. The red crosses note the outliers. (b) Resistance
degradation under cyclic bending of silver nanowire (solid lines) and silver
nanoparticle (dashed lines) traces where the shaded regions are the stan-
dard deviation at a bending radius of 10 mm (blue) and 1 mm (red) up to
1000 bending cycles in both tensile bending strain and compressive
bending strain. (c) SEM images of silver nanoparticle (left) and silver nano-
wire (right) traces after 100 bending cycles (silver nanoparticle) and 1000
bending cycles (silver nanowire). Cracks in the print are highlighted in red.

on average a 9 + 1.1% and 11 + 3.2% increase in sheet resis-
tance for tension and compression, respectively. The differ-
ences are enhanced further with a smaller 1 mm bending
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radius. After 50-100 cycles, the nanoparticle films became
insulating, whereas the nanowires saw an average 15.0 = 1.7%
and 13.4 + 2.4% increase in sheet resistance after 1000
bending cycles in compression and tension, respectively.
Fig. 3c illustrates the cause of this difference in resilience to
bending degradation with SEM images taken from the nano-
particle films after 100 bending cycles at a 1 mm bend radius
and the nanowire films after 1000 bending cycles at a 1 mm
bend radius (Fig. S71 depicts the SEM images both with and
without the highlights). After 100 bend cycles, the nanoparticle
films were suffused with cracks over the entirety of the film, with
a crack density of 1100 cracks pm™~> while after 1000 bend cycles
at a 1 mm bend radius, the nanowire films only had a single
crack over an area of 1 mm by 5 mm, which was the entire
printed area. The increase in bending resilience when compared
to nanoparticle films, in terms of both the limited resistance
degradation and the decrease in crack density, can be attributed
to the high-aspect ratio of the nanowires, which allow for main-
tained current pathway even when the substrate is bent, and the
low-temperature print, which allows the nanowires behave as
individual units and move relative to one another.”*

Printing these malleable, conductive traces at room temp-
erature and with rapid dry times allows for direct writing on
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biological surfaces. Fig. 4a illustrates the printing of a conduc-
tive trace on a highly curved and delicate surface, in this case
an apple. To test conductivity, nanowire traces also were
printed on an oak leaf obtained from a tree outside the lab. As
indicated in Fig. 4b, the sheet resistance of the films printed
with a single pass on the leaf at 20 and 40 °C were both higher
than the those printed on glass; yet, after 2 or more passes,
the films had comparable sheet resistances regardless of the
substrate. This high sheet resistance is believed to be due to
the uneven surface of the leaf in conjunction with the its
hydrophobic nature; combined, these caused the printed
traces to dry non-continuously, leading to high sheet resis-
tance. With two or more print passes, the printed traces
formed a continuous line and the sheet resistance was
improved. Even still, single digit sheet resistances were
achieved on a biological material substrate, which is competi-
tive with other silver inks printed at room temperature.’’*
This allowed for the functional demonstration of illuminating
a light emitting diode (LED) on an apple using nanowire traces
(Fig. 4c) as well as the direct deposition of conductive traces
onto a finger (Fig. 4d - inset shows LED in the off state). Movie
S17 shows a portion of the printing process directly onto the
finger. The print on human skin resulted in a sheet resistance

f
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Fig. 4 Printed electronic tattoos of conductive traces. (a) Aerosol jet printing of a conductive trace on a curved biological substrate (apple).
(b) Sheet resistance of printed traces on inorganic (solid line, glass) and biological (dashed line, leaf) substrates at 20 °C (green) and 40 °C (blue) at 1,
2, and 3 printing passes. (c) Printed conductive circuit on an apple lighting up an LED. (d) Conductive traces were printed on a finger and used to
deliver power to an LED, which maintains illumination when the finger is bent (e) — see ESI{ video for demonstration. (f) Scotch tape adhesion test
comparing the adhesion between a printed film of silver nanoparticles and silver nanowires, where the nanowires are significantly better adhered

to the glass substrate.
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Table 1 Benchmark comparison of low-temperature printed conductive silver traces. “—" indicates that metric was not reported in original work.
Values given in italics are approximated from information given in report

Curing Curing Resistivity AR/R @ 50% AR/R @ 1000
Ink type Deposition  Substrate temp. (°C) time (Qcm) bending strain  bend cycles Ref.
AgNW Aerosol jet  Kapton 80 2 min 6.9x107° — — This work
AgNW Aerosol jet  Kapton 20 2 min 84x107" 1.07 1.15 @ 1.0 mm (5% strain) ~ This work
AgNW Screenprint  PET/glass 150 15min  2.1x107°  1.13 — 26
AgNP-eInGa Inkjet Transfer paper 60 45 min 2.8x107° 1.48 — 54
Ag micro flakes 3D print Artificial skin 20 5 min 7.2x107°  >1.5 — 37
AgNP Pen Paper 25 30 min 20x107"  — 1.36 @ 1.6 mm (1.5% strain) 38
AgNP 3D print Kapton 150 24 hours 1.0x107°  2.95 2 @ 5.0 mm (1% strain) 55
AgNP Inkjet Kapton 150 1 hour 1.5x107" 4 1.15 @ 2.5 mm (2% strain) 56
Bulk silver — — — — 1.6x107° — — —

of 0.84 Q sq~' measured over the length of the 20 mm long

trace. The average resistance for clean, dry skin is on the order
of 10000 Q, and wet or broken skin has a resistance of over
1000 Q,% thus nearly all current should pass through the con-
ductive trace and the current passing through the skin should
be well below the pierceable current threshold.> It should be
noted that the direct-write printing on the finger produced a
slightly blurry trace whereas the deposition on the apple pro-
duced a trace with a distinct line edge. This is a result of the
aqueous nature of the ink, the non-planar surface of the
finger, and the grooves from the finger print. Combined, these
three factors allowed the ink to flow slightly more than on the
apple (which does not have the same grooved structure as the
finger). That said, even with the decrease in line resolution,
the conductive electronic traces printed directly on a finger
were able to operate as distinct electrical connections, as
demonstrated by using them to illuminate an LED. The high
stability of the silver nanowire films on a bending substrate
allowed for continual illumination of the LED even when the
finger on which the trace was printed was bent, which can be
seen in Fig. 4e (video of bending can be seen in Movie S27).

Another factor not mentioned to this point, though just as
critical to making these results possible, is the high adhesion
strength of the nanowire traces to the substrates. After apply-
ing and removing Scotch tape from the surface, there was no
change in sheet resistance for the nanowire film, whereas the
nanoparticles were completely removed (Fig. 4f). Sintering the
nanoparticles creates a monolithic film; however, due to this
bonding between the nanoparticles as well as the strong
adhesive of the Scotch tape, the nanoparticle film is entirely
removed from the substrate. In contrast, the nanowires are not
sintered and thus each nanowire can move independently.
Each Scotch tape peel removes the topmost layer of nanowires.
At first, the impact is negligible, but after successive tape
peels, the resistance begins to increase as fewer nanowires are
left to conduct current (Fig. S81). Based on this effect, printed
AgNW electronic tattoos can be removed from the skin with
vigorous scrubbing with soap and water for 5 minutes.

To benchmark the performance of the silver nanowire ink
formulated in this study as compared with other inks reported
in the relevant literature, we have assembled a table of low-
temperature silver nanostructured conductive inks in Table 1.
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As seen from the presented data, the nanowire traces printed
in this work demonstrate the highest bending performance as
well as the shortest drying/curing time. The resistivity of this
ink is on par, if not slightly higher than, other room tempera-
ture printed inks; however, the dry time is 60% lower than the
next best previous reported,’” the change in resistance at 50%
strain is 5% lower,>® and the resistance to cyclic bending
degradation is 15% better.*® Achieving record performance in
one of these categories can often be realized at the cost of the
other. For example, the report with the next lowest change in
resistance at 50% strain required a curing temperature of
150 °C, whereas the ink in this work was cured at room temp-
erature. Of note is that our ink is delivering on all of these per-
formance metrics simultaneously. Ultimately, the ink of choice
will require all of these characteristics, rapid curing time
without post processing.

Conclusions

In conclusion, we developed a silver nanowire-based biocom-
patible ink that enables the direct-write printing of conductive
traces on biological substrates at room temperature. This ink
has a short drying period, which facilitates use within minutes of
printing. In addition, low-temperature printing of the nanowires
allows for optimal bending performance. Compared to tra-
ditional silver nanoparticle inks, this nanowire ink provides low
temperature curing, improved bending performance, and greater
adhesion to the substrate. Compatibility with sensitive biological
surfaces was demonstrated by printing conductive traces directly
onto an apple, leaf, and a human finger; in all instances, the ink
yielded a robust film with stable conductivity even through sig-
nificant bending tests. Through incorporation with biocompati-
ble integrated circuits, this ink could assist with the expansion of
the wearable electronics industry via directly printed electronic
tattoos, enabling ever more useful and complex bio-related
sensors, diagnostics, and trackers.
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