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Hybrid 3D printing is a new method for producing soft electronics that
combines direct ink writing of conductive and dielectric elastomeric mate-
rials with automated pick-and-place of surface mount electronic components
within an integrated additive manufacturing platform. Using this approach,
insulating matrix and conductive electrode inks are directly printed in specific
layouts. Passive and active electrical components are then integrated to pro-
duce the desired electronic circuitry by using an empty nozzle (in vacuum-on
mode) to pick up individual components, place them onto the substrate, and
then deposit them (in vacuum-off mode) in the desired location. The com-

the fabrication of high-performance flex-
ible transistors, although a combination
of multistep subtractive and additive pro-
cesses are required.*®4% More recently, 3D
electronics composed of flexible conduc-
tors and matrix materials have been fab-
ricated by fused depositing modeling.[46#7]
However, in these initial embodiments,
several manual assembly steps were
needed to achieve the desired device func-
tionality. Finally, direct ink writing is a ver-

ponents are then interconnected via printed conductive traces to yield soft
electronic devices that may find potential application in wearable electronics,

soft robotics, and biomedical devices.

The emerging field of soft electronics is driven by the growing
interest in wearable electronics,'™™ robotics,'>~"] and bio-
medical devices."®1% The two prevailing approaches to fabri-
cating soft stretchable electronics employ conceptually different
motifs. One approach uses high-performance electronic mate-
rials in unconventional geometries to achieve thin, bendable,
and stretchable designs.?®2!l In this approach, conventional
microfabrication methods are combined with approaches,
such as transfer printing, to create stretchable battery arrays, 2%
ultralightweight electronic foils,?® solar cells,? and multi-
plexed biosensing electrode arrays.””! The other approach is
to fully print soft materials and components to create devices
in stretchable motifs, utilizing conductive composites,[!2:26-38]
liquid metals,3**! and ionic liquids.*>*4

Several printing methods have been introduced for electronic
device fabrication due to their programmability, scalability, and
low barrier-to-entry.=>2l For example, inkjet printing enables
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satile approach, which has been used to
create electrically small antennas,’” soft
sensors,>31 quantum dot light-emitting-
diodes (QD-LEDs),P? and cardiac organ-
on-chip devices with electronic readout.l>?!
However, to fully enable the program-
mable fabrication of high-performance soft electronics in arbi-
trary form factors for wearable applications, new printable con-
ductive elastomers coupled with the integration of electronics
manufacturing capabilities are needed.

Here, we report a new method, known as hybrid 3D printing,
for producing soft electronics. Specifically, this method com-
bines direct ink writing (DIW) with automated pick-and-
place (P+P) of surface mount electronic components within
a single manufacturing platform (Figure 1). Both insulating
matrix (Figure 1a) and conductive electrode inks (Figure 1D)
can be patterned in specific layouts, including soft sensing
arrays (Figure 1c). Passive and active electrical components are
then integrated to fabricate soft circuits by applying a modest
vacuum through an empty nozzle to pick up individual com-
ponents, place them onto the substrate, and then release the
vacuum to deposit them in the desired location (Figure 1d;
Movie S1, Supporting Information). Finally, conductive traces
are printed to create electrical interconnects between the P+P
components (Figure le). A representative motif is the flexible
LED array shown in Figure 1f.

To create soft electronics via hybrid 3D printing, we first
developed matrix and conductive inks based on a thermo-
plastic polyurethane (TPU) that is both biocompatible and
highly stretchable. To produce the conductive electrode ink,
we added silver flakes (=2 um lateral dimension) to the pure
TPU ink. The AgTPU ink flows readily through fine noz-
zles due to its strong shear thinning behavior and retains its
filamentary form upon exiting the nozzle due to its relatively
high storage modulus (G’ = 10* Pa) and shear yield stress
(T, = 20 Pa) (Figure 2a—). Upon printing and drying, conduc-
tive electrodes with trace widths of 100 um or higher can be
achieved that contain a percolating network of silver flakes
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Figure 1. Hybrid 3D printing platform for soft electronics. Schematic images of a) direct ink writing of an TPU matrix for the device body and b) con-
ductive AgTPU traces for the sensing elements. c) Image of representative example of soft sensor array. Schematic images of d) pick-and-place (P+P)
of components using vacuum nozzle onto target positions and e) direct writing of conductive AgTPU traces to interconnect the surface mounted LEDs
placed in the form of a soft, stretchable “H” LED array. f) Image of a functional LED array wrapped around a human finger.

(Figure 2d). By contrast, the pure TPU ink is a Newtonian  soft substrate (Figure 2c). Because they contain the same sol-
fluid with a low apparent viscosity of 1 = 40 Pa s that readily  vent, a robust interface develops between the AgTPU and pure
wets and spreads upon exiting the nozzle to form a cohesive  TPU inks during printing (Figure S1, Supporting Information),
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Figure 2. a) Image of direct writing of AgTPU ink through a 200 im nozzle (scale bar 200 um). b) Shear moduli as a function of shear stress, com-
paring storage modulus G’ (solid line) and loss modulus G” (dashed line) and c) apparent viscosity as a function of shear rate for the TPU and AgTPU
inks. d) Direct writing of AgTPU electrodes in a 24-pad wiring scheme with electrode widths of 100 um (scale bar = 2 mm). e) Electrical conductivity
of AgTPU composite as a function of silver flake content. Red line is a fit to the data (black) using the power-law relationship (from Equation (1)).
f) Electrical resistance of AgTPU during single strain cycles of 10%, 20%, and 30% (red, green, and blue, respectively).
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yielding soft electronic devices that do not exhibit delamination
or cracking during or after stretching. This is a crucial feature
of these inks, since delamination of printed electrodes from the
underlying polymer matrix is a common mode of failure in soft
electronics.[37>4

The conductivity of AgTPU as a function of the volume frac-
tion of silver flake is shown in Figure 2e, along with the respec-
tive power-law theory for a percolating network®® given by
o=0o(Vi =Vo) 1)
where o is the conductivity of the AgTPU composite, oy is
the bulk conductivity of silver, V; is the volumetric fraction
of silver flake (in dried form), V, is the critical volume frac-
tion at percolation (in dried form), and s is the power law
exponent. Our experimental data are in good agreement with
predicted behavior, yielding values of V. = 0.171 £ 0.01 and
s =2.56 £ 0.11. Due to their anisotropic nature, shear-induced
alignment of silver flakes (Figure S2a, Supporting Information)
within the AgTPU ink is expected during printing, which gives
rise to a modest conductivity enhancement.’®>”] From these
data, we chose to work with AgTPU inks composed of 36 vol%
Ag, which exhibit an initial conductivity above 10* S cm™.

Using an electromechanical testing apparatus, we char-
acterized the electrical properties of AgTPU in situ during
mechanical stretching. AgTPU maintains an overall low resist-
ance (<4 Q) through loading and unloading up to 30% strain

(@)

(b)
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(Figure 2f). These distinctive unloading curves are likely a
result of the well-known mechanical hysteresis of thermoplastic
polyurethanes.P8! Further examination of an AgTPU specimen
before and during stretching reveals permanent distortion of
the silver flake-polymer network and stretching of the polymer
matrix (Figure S2b,c, Supporting Information). When strained
up to =200%, the electrical conductivity of the printed AgTPU
electrodes decreases to a value of 0.1 S cm™ (Figure S3, top,
Supporting Information). At a higher strain of =240%, the
electrodes undergo electrical failure due to a complete disrup-
tion of the percolative silver flake-polymer network. Triangular
cyclic testing at 5% strain for 1000 cycles is used to investigate
the electrical performance of the printed AgTPU features over
extended stretching (Figure S3, bottom, Supporting Infor-
mation). Given their high initial conductivity, low change in
resistance, and long-term cyclic stability, our AgTPU inks yield
mechanically robust, stretchable conductors.

To further investigate the performance of AgTPU, we fabri-
cated the strain sensor shown in Figure 3a. Notably, the printed
AgTPU electrodes exhibit a low electrical resistance coupled
with a high normalized change in resistance (AR/R,). When
this device is subjected to a triangular strain cycle, it exhibits
a linear, repeatable electrical response. A key figure of merit
for evaluating strain sensor performance is the gauge factor
(GF = (AR/Ry¢), where AR/R, denotes the relative resistance
change and € denotes applied strain. By plotting these values,
a GF of =13.3 is observed for the printed AgTPU electrodes,
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Figure 3. a) Strain sensor device and performance: i) device scheme, ii) plot of AR/R, over time during a triangular strain cycle, and iii) plot of AR/R,
versus strain. b) Capacitive pressure sensor and performance: i) device scheme, ii) plot of AC/C, over time during a triangular strain cycle, and

iii) plot of AC/Cy versus pressure.
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Figure 4. a) Images of pick-and-place of surface mount electrical components, including LED, resistor, capacitor, crystal oscillator, and micropro-
cessor chip (scale bar = 2 mm). b) Image of microcontroller circuit fabricated by hybrid 3D printing, in which surface mount electrical components
are interconnected with printed AgTPU electrodes onto an underlying TPU matrix. c) Image of hybrid 3D printed LED device; the inset shows interface
of surface mount LED with the AgTPU electrodes. d) Current-voltage characteristics of LED device at 0%, 10%, 20%, 30% strains and upon releasing

from strain (recovered state).

which is comparable to many other particle-laden composites
used for strain sensors.%-61

Next, we printed a parallel-plate capacitive sensor composed
of matrix and conductive materials in a multilayered archi-
tecture. The pure TPU matrix serves as an insulating layer
with a dielectric constant of 9.1 and a low elastic modulus of
E = 2.3 MPa. The parallel-plate capacitive sensor uses the pure
TPU as a deformable dielectric layer surrounded above and
below by highly conductive AgTPU electrodes (Figure 3b). A
cross-sectional view of the multilayer printed sensor is shown
in Figure S4 in the Supporting Information. Upon applying an
external pressure, the insulating layer thickness (d) between
the two printed electrodes is reduced, leading to a measurable
increase in capacitance. Figure 3b shows the capacitive sensor
response to multiple cycles of applied pressure, highlighting its
consistent performance. In this device, the normalized change
in capacitance, AC/C,, depends linearly on pressure (Figure 3b)
up to 3 MPa.

To assess the accuracy of the automated P+P process, surface
mount LEDs are placed from a cassette onto a grid for optical
measurements (Figure S5a—-c, Supporting Information). By
comparing the target position to the actual position, we deter-
mined a positional error 136 um + 62 (=10% of their overall
dimensions) and rotational error of 1.45° £ 1.05 (n = 27). This
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method is reliable, allowing 52 components to be placed in a
single step (Figure S5d and Movie S2, Supporting Informa-
tion). Figure 4a illustrates P+P of five distinct components,
with lateral dimensions ranging from 0.8 mm x 1.6 mm (LED)
to 9 mm X 9 mm (microprocessor). By programming the target
locations of 16 different components interconnected by printed
electrodes in a customized layout, we can manufacture com-
plex microcontroller devices, such as the representative device
shown in Figure 4b.

These surface mount electrical components are composed
of rigid materials that are orders of magnitude stiffer than
the TPU printed matrix and AgTPU conductive electrodes.
When these components are adhered to printed electrodes
alone, delamination at the component-AgTPU interface occurs
at very low strains (€ = 0.14). This observation arises due to
poor bonding between the surface mount component and the
printed AgTPU electrode. When stretched, stress concentra-
tion is localized at the component-electrode interface leading to
delamination. To enhance bonding, small droplets of TPU are
directly printed beneath each component body (Figure S6 and
Movie S3, Supporting Information) to create an adhesive region
that distributes the applied stress across the entire compo-
nent-TPU matrix interface. This important modification led to
nearly an order of magnitude higher strain to failure (& = 1.22).

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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A representative device composed of 12 LEDs is now able to
bend to a radius of curvature of 2.8 mm (Figure S7, Supporting
Information) without experiencing any loss of functionality, i.e.,
significant reduction in LED intensity or mechanical failure.

Component integration is further characterized by fab-
ricating a model architecture using our hybrid 3D printing
method (Figure 4c). Specifically, we print an insulating matrix
(TPU), P+P an LED component, and then print conductive
interconnects (AgIPU). Current-voltage responses of this
model device are acquired at various strains. The resulting cur-
rent decreases with different values of strain (¢ = 0.3). However,
the current-voltage characteristics seem to completely recover
after the specimen is returned to its original length (Figure 4d),
which further illustrates our ability to reliably incorporate con-
ventional electrical components into soft, stretchable devices in
a robust manner.

To fully demonstrate our hybrid 3D printing platform, we
created a complex microcontroller device coupled with a strain
sensor and a large-area soft sensor array. The wearable elec-
tronic system is fabricated by co-printing both the TPU matrix
and AgTPU electrodes along with P+P of a microcontroller chip
and LEDs (Figure 5a; Movie S3, Supporting Information). The
printed strain sensor is positioned posterior to the elbow joint
and serves to provide strain data input to the microcontroller
that corresponds to various joint angles. The microcontroller

microcontroller circuit

www.advmat.de

circuit is designed using an ATMEGA328 chip (Atmel) to read
the sensor data and output the readout to five indicator LEDs
(Figure S8, Supporting Information). A custom-programmed
script is loaded onto the chip prior to assembly, which can
be further modified to carry out other functions. This tex-
tile-mounted soft electronic system functions in real time
(Movie S4, Supporting Information), providing the user with
visual feedback corresponding to the extent of joint bending
(Figure 5b,c).

As a final embodiment, we created a sensor array composed
of 29 capacitive sensors in the custom shape of a person’s left
foot (Figure 5d). Device fabrication is shown in Movie S5 in the
Supporting Information. A carbon black-doped TPU (see the
Experimental Section) is used as the insulating matrix (bottom
layers) to enhance the visualization of the printed AgTPU elec-
trodes. This plantar sensor array is designed with a multiplexed
wire scheme to minimize the number of external connections.
Using this layout, only 19 connections are needed rather than 58
(i-e., 2 electrodes for each of the 29 sensors). In the absence
of applied pressure (Figure 5e) the sensors do not experi-
ence any deformation and, hence, no change in capacitance.
During walking, the sensor array is deformed (Figure 5f) and
the relative capacitance of each sensor is measured, resulting
in a unique plantar pressure profile (all sensors are calibrated
previous to testing). Given the soft, flexible form factor of the

T'l!lllllll!
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Figure 5. Wearable soft electronics fabricated by hybrid 3D printing: a) image of textile-mounted printed strain sensor and microcontroller circuit.
b,c) Images of real-time function of the wearable strain device (identified with arrows) at modest and maximum joint bending, respectively, along with
the corresponding LED readout. d) Image of plantar sensor array. e) lllustration of sensor array readout in the absence of applied pressure and f) upon

the application of pressure by a human foot.
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plantar sensor array, it could readily be integrated into the
insole of a shoe and used to read out pressure profiles.

In summary, we report a new hybrid method for manufac-
turing high-performance soft electronics that combines direct
ink writing with automated pick-and-place of surface mount
electrical components. By developing novel insulating and
conductive inks, functional strain and pressure sensors were
fabricated and characterized. This hybrid method enables sur-
face mount electrical components of arbitrary shapes and sizes
to be readily integrated onto printed soft wearable circuits.
Importantly, the broad set of printable materials (e.g., ceramics,
polymers, metals) and devices (e.g., antennas, batteries, wave-
guides) previously developed for DIW offers an unique oppor-
tunity to expand the functionality 3D printed structures via this
hybrid manufacturing platform.

Experimental Section

Materials System: The insulating ink was prepared by dissolving
TPU (Elastollan Soft 35A) in a cosolvent system composed of
N,N-dimethylformamide (DMF) and tetrahydrofuran (THF) (Sigma-Aldrich)
at 1:4 DMF:THF ratio by volume (v/v). The conductive ink was prepared
by first dissolving TPU (Elastollan Soft 35A) in N,N-dimethylformamide
and then adding silver flake, 99.95%, APS 2-5 um (Inframat Advanced
Materials), followed by mixing in a planetary mixer (FlackTek
Speedmixer) for 30 min total in 10 min increments, waiting 10 min
between mixing steps. Both pure TPU (matrix) and AgTPU (conductive)
inks were loaded into 3 cc syringes, centrifuged at 3000 rpm for 2 min to
remove air bubbles, and prepared for direct ink writing.

Rheology Measurements: The rheological properties of both TPU
and AgTPU inks were characterized under ambient conditions using
a controlled stress rheometer (AR 2000ex, TA Instruments) equipped
with a 40 mm tapered cone plate geometry (2.005°, 56 um truncation
gap). The conductive ink was mixed using a FlackTek Speedmixer for
5 min at 2350 rpm prior to rheological characterization. A solvent trap
was used to limit evaporation during these measurements. Viscometry
measurements were carried out over shear rates from 0.001 to 100 s7',
while oscillatory measurements were carried out at a frequency of 1 Hz
within the stress range of 0.01-10 000 Pa.

Hybrid 3D Printing: Printing was carried out with a three-axis motion-
controlled stage (Aerotech) equipped with four independent z-axes that
enable up to four inks to be coprinted. Print paths were generated with
custom, open-source Python libraries (MeCode). Pneumatic-driven
extrusion of inks was controlled with a digital pneumatic regulator
(Ultimus V High Precision Dispenser, EFD) using 410 and 200 um
tapered dispense tips (EFD) for insulating TPU matrix and conductive
AgTPU inks, respectively. Individual layers were cured at 80 °C for
2 h. Automated pick-and-place of different surface mount electrical
components was carried out by mounting an empty syringe on one
of the z-axes coupled with use of the vacuum function on a digital
pneumatic regulator (Ultimus V High Precision Dispenser, EFD). The
empty syringe along with its 250 um metal capillary nozzle (EFD) was
translated directly above a given component sitting in its stock cavity.
Once the nozzle comes into contact with the component, the vacuum
function is activated. The component was then translated to its target
position and lowered, where the vacuum was removed to allow the
component to be placed onto the soft substrate.

Conductivity Measurements: AgTPU samples were printed into thin
rectangular films (2 cm x 0.3 cm). After curing at 80 °C for 2 h, sample
thicknesses were measured using a stylus profilometer. Electrical
resistance measurements were acquired using a four-point resistance
probe (RM3544, Hioki). The Levenberg—Marquardt method was used to
obtain a power-law fit.

Electromechanical Characterization: Printed AgTPU samples were
attached to a uniaxial tensile testing setup (Model 5566, Instron)
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and connected to a four-point resistance probe (RM3544. Hioki)
for combined electromechanical testing. Multistrain tensile testing
were conducted at 0.3 mm s™' and fixed-strain cyclic tensile testing at
1.0 mm s

Capacitive Pressure Sensor Measurement: Printed sensor loads
were applied and measured using a rigid acrylic fixture mounted to a
compression testing apparatus (Model 5566, Instron). Capacitances
were measured using an LCR (inductance, capacitance, resistance)
meter (Model 880, B&K Precision).

Model LED Device Characterization: Specimens were subjected to
a uniaxial strain in a tensile testing setup (Model 5566, Instron), while
their current-voltage (I-V) response was measured using a source meter
(Keithley 2400). A custom Matlab script was used to collect |-V response
of an LED (LED Super Red 0603, LITE-ON) during strain testing.

Plantar Sensor Array: The TPU substrate ink was prepared identically
to the insulating matrix ink with the addition of 2 wt% carbon black
(Vulcan XC72R, Cabot) to aid in visualization. Capacitive pressure
sensors were fabricated by printing alternating layers of AgTPU and
TPU on the substrate. The bottom AgTPU electrode (=40 um thick) was
printed first, followed by the dielectric TPU (=160 um thick), and, finally,
the top AgTPU electrode (=40 um thick). Each capacitive element was
then coated with a printed TPU layer (=150 um thick) and cured at 80 °C
for 2 h. A soft silicone piece with rigid acrylic inclusions was used as an
intermediate layer between the foot and the array to concentrate pressure
on each capacitive sensor. After each individual sensor was calibrated,
the pressure data was calculated using the total area associated with the
sensor array, including space between sensors.

Microcontroller Design and Components: A microcontroller device
was fabricated via hybrid 3D printing using surface mount LEDs (LED
Super Red 0603, LITE-ON), resistors (SMD 0603, Vishay), capacitors
(SMD 0603, AVX), a crystal oscillator (SMD 3-pin, Murata), and a
microcontroller chip (ATmega328P, Atmel). The chip was programmed
using a custom Arduino script.

Supporting Information

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