TRANSFORMING

MILITARY MEDICINE

WITH 3D PRINTED BIOELECTRONICS
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The advent of wearable or body-borne elec-
tronics is rapidly changing how the Department
of Defense (DoD) provides diagnostic and ther-
apeutic medical care to the warfighter [1].

Multiple DoD entities, from the U.S. Army Com-
bat Capabilities Development Command’s
Chemical Biological Center, to the Defense
Threat Reduction Agency [1], are seeking bio-
electronics that can transform military medicine
by providing medics with valuable information
to improve acute care on the battlefield, and
aiding military doctors providing prolonged care
[2]. For instance, bioelectronics sensors that
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measure multiple signals, including heartbeat
and the secretion of metabolites in perspiration
[3], can provide remote monitoring of warfighter
medical status during operations. Next-genera-
tion bioelectronics can be delivered by implan-
tation [4, 5] or can be swallowed [6, 7] so as to
deliver therapeutic medications.

A seamless integration of such bioelectronics
with the soft, complex, and 3D shape of the hu-
man body is inherently challenging due to the
geometrical, material, and mechanical dichoto-
mies between the two. Conventional electron-
ics are typically fabricated via planar, top-down
processes on a rigid substrate. Conversely, the
human body is an irregularly shaped and high-
ly flexible, stretchable construct [5]. Significant
research has been dedicated to overcoming
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this challenge, including the design of stretch-
able, flexible electronics, the development of
electronic skin tattoos, and the manufacturing
of electronic textile and bioelectronic implants
[3, 5, 8]

This article proposes and highlights the ad-
vancement of a multimaterial and multiscale
3D printing approach that can enable the fabri-
cation of bioelectronics to better interface with
the human body. Specifically, the article high-
lights the development of (a) a freeform elec-
tronics fabrication approach that allows for the
creation of complex 3D systems [9, 10], and (b)
the multimaterial-printing of an ingestible gas-
tric resident system that allows for non-surgical
and needle-free delivery of wireless electronics
into the human body [7, 11].
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Figure 1. Multi-scale 3D printing of functional devices and bioelectronics [5]. Reproduced

with permission. Copyright 2016 Elsevier.
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Figure 2. (a) 3D printed QD-LED on a
3D-scanned contact lens onto a curvilinear
substrate. The inset shows the electrolumi-
nescence output from the printed QD-LED
on a 3D scanned contact lens [12]. (b) 3D
printed 2 x 2 x 2 multidimensional array of
embedded QD-LEDs. The inset shows the
electroluminescence output from the print-
ed QD-LEDs within a 3D matrix [12]. Re-
produced with permission. Copyright 2014
American Chemical Society.

Multiscale 3D Printing of
Electronic Devices

3D printing is a broad class of manufacturing
technologies, first invented in the 1980s. How-
ever, the majority of 3D printing capabilities re-
main somewhat limited to the use of specific
plastics, passive conductors, and certain bio-
logical materials. A multiscale, extrusion-based
3D printing approach can enable the integra-
tion of diverse classes of materials to create
a variety of electronics and functional devices

Figure 3. (a) QDs bands microstructure
formed inside a capillary tube during a dry-
ing process. Fluorescence image of bands
formed from the QDs as toluene evaporates
from the open end on the left [18]. (b) Con-
focal microscopy image showing QD band
arrays along the capillary tubes. Larger
inset shows the Atomic Force Microscopy
image of one of the bands. Smaller inset
shows the profilometry measurement ex-
tracted along the path of the red arrow on
the AFM image [18]. (c) Photograph of the
deposition of silica nanoparticles on an
elastomeric membrane to study the dry-
ing-induced stress by characterizing the
wrinkles formation. Figure 3a and 3b re-
produced with permission. Copyright 2015
American Chemical Society.

not easily achieved using standard micro-
fabrication techniques [5, 9, 10, 12-16]. The
ability to 3D print various classes of materials
possessing distinct properties could enable
the freeform generation of active electronics
in unique, functional, interwoven architectures.
For example, functional nanomaterials can

be dispersed in solvents to form solution-pro-
cessable inks, which can be integrated into
micron-scale coating or printing processes, as
illustrated in Figure 1.

Using a 3D-scanned topology and direct fab-
rication approach, electronics can be manu-
factured without complicated device design
or transfer procedures. As a proof of concept,
Figure 2a depicts a quantum dot light-emitting
diode (QD-LED) on a 3D-scanned contact
lens, and Figure 2b shows a 2x2x2 array of
multicolored QD-LEDs embedded within a sili-
cone cube. Both structures were created using
a direct printing approach [12].

The multiscale 3D printing approach leverages
the evaporative-assembly of functional nano-
materials during printing, which allows the
sole execution of the deposition process with
a desktop-sized microextrusion based printer.
This can enable an easily deployable electron-
ics 3D printing strategy, whereby small, porta-
ble printers can directly print highly customized
functional devices, such as smart bandages,
onto skin at the location needed.

The ability to govern the deposition of nanoma-
terials dictates the performance of advanced
printed devices. However, nanomaterials typ-
ically do not spontaneously form a uniform and
thin film during deposition. Instead, the pro-
cess often results in a wide range of interesting
features, such as the so-called “coffee rings”
where most nanoparticles will be concentrated
on the edge of a pinned contact line.

A variety of platforms have been proposed to
better understand and ultimately control these
dynamic and complex forces [17, 18]. For ex-
ample, multiscale characterization of nanoma-
terials deposited in a confined construct can
help elucidate the complex relationship be-
tween drying parameters (such as evaporation
speed) and microstructure morphologies (see
Figure 3a and Figure 3b) [18]. In another exam-
ple, the drying-induced stress of a colloid can
be characterized in real time by studying the
formation of wrinkles that appear as a colloidal
suspension deposited on a thin elastic mem-
brane dries (see Figure 3c) [17].

Multimaterial 3D Printing
of Ingestible Gastric
Resident Electronics

As described above, multiscale 3D printing
provides an opportunity to create biocompat-
ible medical devices that can be used in re-
gions that cannot be accessed by wearable,
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Figure 4. lllustration of 3D-printed gastric resident electronics (GRE) concept. (a—e): a desk-
top-sized multimaterial 3D printer can be used to fabricate a highly customized GRE which to
be delivered orally, reside in the stomach for weeks, and finally break up to be excreted from
the gastric space. (f-g): GRE can form bilateral communications with personal devices such
as a smart phone directly for communications and controls. The seamless interconnection
with other wireless wearable electronics and implants enables a real-time feedback-based
automated diagnostic and responsive treatment. [7] Reproduced from Reference [7] under
the terms of the Creative Commons Attribution License (CC BY). Copyright 2018 John Wiley

and Sons.

Figure 6. The in vivo result demonstrating
the ability to achieve bilateral communica-
tions and control of GRE. A direct, real-time
core-temperature measurement has been
performed with a tablet attached on the wall
of the cage over 17 days. Inset shows the
X-ray images of the GRE on day 15, high-
lighting the robustness of the GRE to re-
main functional in the dynamic and hostile
gastric environment for weeks. [7] Repro-
duced from Ref. [7] under the terms of the
Creative Commons Attribution License (CC
BY). Copyright 2018 John Wiley and Sons.
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Figure 5. (a) 3D models of GRE device components, such as the gastric resident architecture,
personalized drug delivery modules, electronics and power system for communications and
control. (b) Optical photograph of the 3D printed GRE. (c) X-ray image of the deployed GRE
in a porcine stomach. [7] Reproduced from Ref. [7] under the terms of the Creative Commons
Attribution License (CC BY). Copyright 2018 John Wiley and Sons.

textile-based or epidermal electronics [8].
Nevertheless, continued research and devel-
opment is needed to overcome the remaining
challenges. Furthermore, direct implantation
often requires surgical processes, and most
surgically-placed medical implants carry an
inherent risk of eliciting foreign body immune
system responses [4]. Implanted devices can

serve as a nidus for infection, which can re-
quire immediate operative intervention that is
unavailable in remote locations.

Advancements in ingestible electronics can al-
low for the oral delivery of devices directly into
the body, enabling a non-surgical, needle-free
approach that obviates concerns of adverse

immune responses or infection [6]. Important-
ly, unlike most other organs, the stomach is a
relatively immune privileged site in the human
body; this enables the long-residence of devic-
es without causing an immune response. How-
ever, despite decades of interest and research
since its invention in the 1950s, ingestible
electronics have yet to acquire the capability to
reside in the hostile and dynamic gastric envi-
ronment for a duration beyond just a few days
[19, 20].

Multimaterial 3D printing can enable the cre-
ation of a wide range of multifunctional, ro-
bust, and transformable architecture [16]. For
example, this enables the creation of “gastric
resident architecture” (GRE) [7, 11], which is a
structure that can be folded into the shape of a
capsule, and upon ingestion and exposure to
gastric fluid in the gastric space, expands into a
mechanical configuration that prolongs its resi-
dence (see Figure 4a—e).

For the first time, this has enabled the gastric
residence of electronics up to a month in du-
ration, before disintegration of multimaterial
interfaces that allow the excretion of the de-
vice. Indeed, the integration with various active
electronics, wireless module and drug delivery
components (see Figures 4f and 4g) via multi-
material 3D printing approaches can ultimately
enable seamless interfaces with both person-
al electronics and the delivery of therapeutic
agents, allowing a next-generation digital diag-
nosis and remote interventions.



Figure 5a shows a computer-aided design
model of the GRE device highlighting various
key components, such as the gastric resident
architecture, Bluetooth wireless-microcontrol-
ler and antenna, power system (batteries) for
communications and control, and personal-
ized drug delivery modules. The 3D-printed
GRE device (see Figure 5b) can be folded into
a capsule-size dosage form for oral delivery,
as shown in the deployed device in a porcine
stomach (see Figure 5¢).

We also show the GRE’s ability to perform
long-term wireless bilateral communica-
tions and control of the ingested device with
a personal device via Bluetooth connection.
We acquired long-resident, real-time core
temperature data directly from a GRE
wirelessly transmitting to an Android device
for up to 15 days. The receiver devices do
not require an additional adaptor or
communication device to function (see
Figure 6).

The connection strength is limited to the dis-
tance of an arm’s length (<100 cm) to provide
physical signal isolation. In future work, vari-
ous gastric-tolerant drug delivery architectures
{(such as with a gold membrane) can be inte-
grated to enable on-demand or programmable
delivery of therapeutic agents [21].

Future works can also leverage the develop-
ment of wireless powering and energy harvest-
ing strategies, which can further extend the
electronic functionalities in the dynamic and
hostile gasttic environment beyond a month.
We envision that the freeform fabrication of
ingestible wireless electronics from a desk-
top-sized 3D printer can enable a next-gen-
eration remote monitoring, diagnosis, and
treatment platform for the warfighter.

Conclusion

This multiscale, multimaterial 3D printing elec-
tronics fabrication approach can enable the

fabrication of bioelectronics that can better in-
terface and integrate with the warfighter, and
can realize a transformative remote diagnostic,
monitoring, and treatment strategy. For exam-
ple, this enables the freeform 3D fabrication
of unique hybrid bioelectronics that cannot be
created through conventional fabrication. We
envision this approach can transform military
medicine by enabling the seamless integration
of electronics with the human body—ultimately
enhancing the safety and well-being of service
members before, during, and after training and
operations.
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