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INTRODUCTION

A few years ago, an IEEE Spectrum editorial identified 8 “cyborg”
technologies paving the way for modern medicine to go bionic." These
range from well-known implanted electrical devices for stimulating
the nervous system to implanted systems to restore senses, deliver
drugs, or replace entire organs.

The concept of bionic organs has been linked to science fiction
and to human augmentation since a long time. At present, remarkable
advancements in powering, sensing and actuation technologies, micro-
fabrication techniques, and communication protocols make credible
the translation of this concept from science fiction to clinically viable
fully implantable devices. We herein define this new class of machines
implantable biorobotic organs (IBROs). By definition, an IBRO should
endow awareness, action, and cognition capabilities to favor proper
integration with the human body by sensing in-body signals and act-
ing accordingly, thus regulating biological and metabolic processes, in
a closed loop fashion as natural organs do [Fig. 1(a)].

While traditional programmable devices such as pacemakers and
neurostimulators do not fall into the IBRO definition due to the inabil-
ity to modulate their operation according to body needs, some inter-
esting examples of IBRO have been reported in the state-of-the-art.
These implanted devices operate well beyond simple electric or
mechanical stimulators and are devised to restore lost organ func-
tions such as blood pumping,” micturition,” hormone delivery, and
tissue regeneration.” A paradigmatic example is represented by a
soft robotic sleeve devised to mechanically assist the failing heart.
The sleeve presents a bioinspired design and includes multiple indi-
vidually contracting soft actuators arranged in a layered helical and
circumferential fashion, thus mimicking the orientation of mamma-
lian heart muscle fibers. The device is implanted around the heart
and actively compresses and twists to act as a cardiac ventricular
assist device (VAD). The soft actuators are finely controlled to con-
tract and relax in synchrony with the beating heart by relying on
patient performance parameters such as the heart rate, pulmonary

artery and ascending aortic pressure and flow rate,” or native ven-
tricular pressure® [Fig. 1(b)]. The soft robotic sleeve can be cus-
tomized to patient-specific needs and may have the potential to act
as a bridge to transplantation for patients with heart failure.

Thanks to their ability to replace organ functions and biological/
metabolic processes and to be fully implantable, IBRO can act as valid
alternatives to transplantation and tissue engineering approaches,” '’
thus overcoming donor shortage issues and pursuing high throughput
organ function replacement. Despite being promising, especially in
terms of integration with the host, tissue engineering and regenerative
medicine are not mature yet to target full organ replacement due to
cell viability, diffusion and transport mechanism control, and difficul-
ties in large-scale mechanical or secretory action performances.’ On
the other hand, despite being fully artificial, IBRO can rely on consoli-
dated mechatronics and material technologies, potentially enabling us,
at the same time, to safely integrate with the host and to replace organ
functions without recurring to pharmacological therapy or life-
assistive machines.

From an engineering viewpoint, developing this new class of fully
implantable robots poses new challenges with respect to both wearable
and semi-implantable systems, such as prosthesis or most of the ear
implants, and traditional robots.

TECHNICAL CHALLENGES FOR IMPLANTABLE
BIOROBOTIC ORGANS

The need for more advanced “robotic” materials, smart powering
strategies, friendly and biomimetic control interfaces, biocompati-
bility, all-on-board integration, miniaturization, safety, and security
[Fig. 1(c)] should be mentioned among the first challenges to be
faced in the field of IBRO."”

Developing artificial organ counterparts with a robotic approach,
thus not using tissue engineering and regenerative medicine
technologies, implies selecting appropriate materials and fabrica-
tion schemes enabling favorable interaction with the host on the
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FIG. 1. (a) Schematic block diagram depicting the main building blocks of an IBRO. (b) Example of IBRO for heart support operational workflow and implanted prototype
(Reprinted with permission from Roche et al., Sci. Transl. Med. 9(373), eaaf3925 (2017). Copyright 2017 AAAS). (c) Schematic representation of the potential organs to be
restored or replaced by IBRO and of the technical and scientific challenges to be faced in the field.

short- and long-term, morphological and biological integration, as well
as extended lifetime. Smart materials employment could also enable
embedding structural intelligence (i.e., ability to sense and react to
certain stimuli and/or to change configuration)'” and therapeutics
delivery"* capability while pursuing a compact design. In this regard,
the employment of novel fabrication techniques based on soft multima-
terial printing'”'® combined with traditional mechatronic fabrication
paradigms can be extremely advantageous.

Powering is the paradigmatic bottleneck of all autonomous
machines and is particularly crucial when targeting fully implantable
devices due to their inaccessibility for battery replacement. While nat-
ural tissues put in place metabolic processes to get the energy needed
for their operation, IBRO calls for power supply sources that can be
electric, chemical, or electromechanical in the case of solutions based
on smart materials. Dedicated energy harvesting strategies have been
proposed to power medical devices by exploiting in-body natural pro-
cesses such as heart beating'”'® or the gut environmental condi-
tions.'””” However, when power densities above few W/mm? are
needed and energy storage is required, battery integration is the gold
standard. In most of the currently available implantable medical devi-
ces, lithium-ion batteries are integrated that can last up to ten years
before running out. To overcome battery duration issues that nowa-
days prevent implantable devices from being lifelong, wireless energy
transfer based on inductive electromagnetic coupling can represent a
possibility to recharge implantable batteries or to provide the required
energy, when body energy harvesting is not feasible.”"”* However,
problems of distance and possible misalignment between the implant
and the external source, together with attenuation issues across tissues,

produce significant loss of efficiency that strongly impacts the employ-
ment of such powering strategies.

Another critical challenge to be taken into account when design-
ing machines intended for “in-body” operation concerns their inter-
face with the host. Natural organs are governed either by autonomous
regulation mechanisms, as in the case of heart beating, metabolic pro-
cesses, and hormone release, or by voluntary neural commands.
Replicating such closed loop control strategies with the host possibly
in the loop is a holy grail for IBRO and poses both technological and
safety challenges. To make this paradigm true toward autonomous
integrated systems, significant advancements in the field of neural
interfaces, intentions decoding/feedback encoding algorithms,” bio-
logical triggering sensing, and closed loop regulation protocols™ are
needed. Moving to unsupervised autonomous control architectures
could rise safety issue due to potentially life-threatening failures (e.g.,
pump stall in an artificial heart pump and excessive insulin dose deliv-
ery in an artificial pancreas) or device hacking,”*°

Additional challenges are imposed by the harsh working environ-
ment, namely, the human body. Operational requirements must be
combined with a safe interaction with the host, both on the short- and
long-terms. Choosing biocompatible materials or coatings, shaping
the device to ensure mating with the implant site, and modulating
mechanobiological responses by engineering device surfaces”’ are cru-
cial requirements to avoid unfavorable host reactions. Beyond pure
biocompatibility, selecting the constitutive materials for IBRO should
also respond to other needs, such as mechanical resistance (e.g., to
impacts), mechanical and chemical stabilities (to corrosion in acidic
environments, encrustations,”® and coagulation when in contact with
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specific biofluids), inertia to electromagnetic interferences, and sealing.
Sealing is a particularly crucial issue when complex architectures are
devised and where in-out interfaces are needed (e.g, for needle
ejection, drug delivery, and wiring). In this sense, material safety and
suitability has to be taken into account on both sides: if the human
body can be damaged by the artificial guest, the reverse problem is
even more complicated. Any leakages from the implant can be fatal
for humans, but a non-ideal sealing can compromise the overall func-
tionalities and the electronics, due to liquids or humors penetrating
the implanted device, which is not easy to detect and repair.

Despite the large number of challenges to be faced in the design
of IBRO, incredible advancements have been witnessed in the past few
years, thus making this revolutionary concept closer to real application
scenarios. In this direction, examples of implantable soft ventricular
assistive devices,” assisted tissue growth systems,”””’ implantable insu-
lin,”** and drug delivery systems’ are particularly interesting and
promising, as they smartly faced most of the aforementioned chal-
lenges and contributed to increasing the knowledge/awareness of the
relevant integration and implantation steps.

CONCLUSIONS AND PERSPECTIVES

In this editorial, we reviewed the challenges characterizing the
brand-new field of IBRO. Despite the large amount of effort required
to make this kind of technology closer to the clinical practice, bioro-
botic organs appear as a valid alternative to organ transplantation, tis-
sue engineering, and wearable or semi-implantable medical devices.
Compared to the last category, in fact, implantable autonomous
machines could replace their natural counterpart by letting the patient
forget his/her own pathology and not needing to take care of his own
life-supporting device, as a future scenario. This new class of artificial
organs will be capable of sensing, controlling, and performing thera-
peutic or drug delivery actions, all of them with different levels of
autonomy. Developing functional artificial organs and translating the
existing technology from the bench to the clinical setting require mul-
tidisciplinary effort, ranging from materials science to microelectronics
and medicine, with an eye to the power consumption which is
limiting—at large—many attempts in the field. In order to increase
both the level of autonomy and the natural interaction with the host,
developing smart solutions to connect such implants to the patient
nervous system toward voluntary implant control can represent a fun-
damental step. Smart recharging, drug refilling strategies, and novel
technologies aimed at enhancing system miniaturization, safety, and
efficiency go in this direction, thus paving the way for a new generation
of fully implantable medical devices for organ function replacement.
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