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Abstract

Objective. Recent advances in neural engineering have restored mobility to people with
paralysis, relieved symptoms of movement disorders, reduced chronic pain, restored the sense
of hearing, and provided sensory perception to individuals with sensory deficits. Approach. This
progress was enabled by the team-based, interdisciplinary approaches used by neural engineers.
Neural engineers have advanced clinical frontiers by leveraging tools and discoveries in
quantitative and biological sciences and through collaborations between engineering, science,
and medicine. The movement toward bioelectronic medicines, where neuromodulation aims to
supplement or replace pharmaceuticals to treat chronic medical conditions such as high blood
pressure, diabetes and psychiatric disorders is a prime example of a new frontier made possible
by neural engineering. Although one of the major goals in neural engineering is to develop
technology for clinical applications, this technology may also offer unique opportunities to gain
insight into how biological systems operate. Main results. Despite significant technological
progress, a number of ethical and strategic questions remain unexplored. Addressing these
questions will accelerate technology development to address unmet needs. The future of these
devices extends far beyond treatment of neurological impairments, including potential human
augmentation applications. Our task, as neural engineers, is to push technology forward at

the intersection of disciplines, while responsibly considering the readiness to transition this
technology outside of the laboratory to consumer products. Significance. This article aims to
highlight the current state of the neural engineering field, its links with other engineering and
science disciplines, and the challenges and opportunities ahead. The goal of this article is to
foster new ideas for innovative applications in neurotechnology.

Keywords: neural engineering, neurotechnology, innovation, applications, knowledge gaps,
collaboration/teams, future

(Some figures may appear in colour only in the online journal)

Introduction

A recent surge in technologies that interface with the nervous
system has led to devices that greatly improve quality of life
for people with neurological disorders. Neural engineers are
instrumental players in the continued advancement and clini-
cal translation of these emerging neuro-technologies. Toward
this goal, research-and-development minded individuals from
fields within basic and applied sciences and medicine come
together to understand and modulate neural systems [1].
Neural engineering as a discipline can be broadly defined as

the application of neuroscientific and engineering approaches
to understand, repair, replace, enhance, or exploit the proper-
ties of neural systems, as well as to design solutions to prob-
lems associated with neurological limitations and dysfunction
[2, 3]. Often accompanied by scientific research directed at the
interface between living neural systems and non-living comp-
onents [2], this field brings together teams of engineers, neu-
roscientists, biologists, chemists, therapists, and physicians.
Neural engineers value the heterogeneity of their colleagues
and seek out multiple perspectives to inform the development
of their technology. The sub-specialties illustrated in figure 1
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Figure 1. Who is a neural engineer? This illustration highlights the professionals actively involved in developing and translating neural
technology. These professionals include sub-specialties ranging from scientists, technical experts, clinicians, and others involved in the

clinical setting.

demonstrate the vast range of professionals involved in neural
engineering advancements. With this article, we invite multi-
disciplinary participation in the process of developing neural
technology. We provide a brief overview of the current state
of the field, illustrate the need for involvement of individuals
with different training backgrounds, and describe some key
future considerations.

Applications of neural engineering

Neural engineering devices interface with the nervous system
to measure or modulate neural activity and are most com-
monly applied to understand or address challenges associated
with neurological dysfunction. These devices cross a spec-
trum of invasiveness, from externally worn to those that are
implanted in the body. Advances in neural engineering have
led to important innovations in medical science with the poten-
tial to restore function or alleviate symptoms. This has gar-
nered attention in both therapeutic and consumer applications.

Numerous neural engineering technologies have transitioned
from their research (proof-of-concept) origins to becoming
viable treatment options in medical and clinical applications.
In the example of deep brain stimulation (DBS), the
implantation and targeted stimulation of specific brain areas
have been studied to treat symptoms associated with various
motor impairments, such as Parkinson’s disease, essential
tremor, dystonia, and psychiatric disorders such as obsessive-
compulsive disorder and depression [4—12]. After extensive
research and clinical trials, commercially available DBS
devices have become increasingly prevalent [13]. This tech-
nology also epitomizes how neural engineering has benefited
from previous biomedical engineering innovations. DBS tech-
nology, particularly the first clinical devices, has leveraged
approaches developed for cardiac pacemakers [14]. Although
implanted electrodes and associated leads have been designed
specifically for targeted neuroanatomy, multiple device tech-
niques and components, such as stimulator electronics, bat-
tery, and packaging are borrowed from cardiac applications.
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Table 1. Selection of neural engineering devices recently approved by the US Food and Drug Administration. PMA: premarket approval;

HDE: humanitarian device exemption.

Manufacturer Year Regulatory
Device or Sponsor Indication approved  path Innovations
Inspire Inspire Medical Treat obstructive sleep 2014 PMA Stimulation of the hypoglossal nerve
Systems, Inc. apnea during inspiration
TrueTear® Allergan plc Increase in real tear 2018 de novo Electrical stimulation to sensory neurons
production of the nasal cavities
Maestro® EnteroMedics, Weight reduction in people 2015 PMA Electrical stimulation to block abdominal
Inc. with obesity nerve trunks of the vagus nerve
gammaCore"" electroCore, Acute treatment of 2018 510(k) Noninvasive vagus nerve stimulation
Inc. migraine headache (nVNS) on the side of the neck
Drug Relief® DyAnsys, Inc.  Reduce opiod withdrawal 2018 510(k) Electrical stimulation at branches of
symptoms cranial nerve
RNS® NeuroPace, Inc. Reducing the frequency of 2013 PMA Cranially implantable neurostimulator
seizures for people with that senses brain’s electrical activity and
epilepsy delivers stimulation to epileptogenic foci
Argus® IT Retinal ~ Second Sight Inducing visual perception 2013 HDE Electrical stimulation of retina
Prosthesis System Medical in blind patients due to
Products, Inc.  retinitis pigmentosa
Medtronic DBS Medtronic, Inc. Expand use of DBS system 2018 PMA Bilateral stimulation of the anterior
System for for treatment of epilepsy nucleus of the thalamus
Epilepsy

Similarly, spinal cord stimulation has become an estab-
lished method for treating chronic pain. Clinical trials for var-
ious stimulation strategies, including tonic, high frequency,
and bursting paradigms, have shown significant long-term
reductions in pain experienced by patients. Further, ongoing
research into new stimulation targets, advanced neurostimula-
tor technologies, and improved stimulation patterns are rap-
idly expanding the neuromodulation market for pain therapy
[15-18].

Existing neural devices also mitigate seizures and partially
restore hearing, sight, and movement. Cochlear implants
are a remarkably successful neural engineering technology
that improve the quality of life for individuals with hearing
impairment. They are widely prescribed for deaf individu-
als to partially restore hearing by electrically stimulating the
auditory nerve as a means of bypassing the damaged inner
ear [19]. Retinal implants can help partially restore sight
to those affected by retinal diseases by bypassing damaged
photoreceptors and electrically stimulating remaining retinal
neurons [20]; however, this technology remains in the early
stages of development. Sacral neuromodulation therapy is
used to help alleviate symptoms of pelvic floor disorders such
as overactive bladder resulting in urinary incontinence [21].
Vagus nerve stimulation may reduce the frequency of seizures
in people with epilepsy who do not fully respond to standard
medication [22]. Responsive or closed loop brain stimulation
has also been shown to reduce seizure frequency, while dra-
matically reducing the total amount of energy delivered to a
patient’s body [23, 24]. Finally, there are numerous neuro-
muscular electrical stimulation devices and therapies to partly
restore impaired movement [25, 26].

In addition to these established neural engineering tech-
nologies, there are many emerging interventions currently
transitioning from research into clinical care that is producing

a rapid growth of career and clinical opportunities for neu-
rotechnology engineers. The global market for neuromodu-
lation devices is expected to grow to around US $5 billion
by 2022, doubling its estimated size from 2017 [27]. In
fact, several technologies have recently received regulatory
approval and are now available for commercial use, including
the NeuroPace RNS® system for refractory epilepsy, Allergan
TrueTear® nasal stimulation to increase tear production, and
the Inspire Upper Airway Stimulator for obstructive sleep
apnea. See table 1 for a more comprehensive list.

Many nascent neurotechnologies are on the cusp of trans-
itioning from research and pre-clinical environments to clini-
cal implementation. For example, advanced artificial limbs
can interface with nerves that remain following amputation.
This enables intuitive closed-loop prosthetic control by both
recording and stimulating residual nerves, and can be facili-
tated by a variety of techniques, including peripheral nerve
interfaces and reinnervation surgeries. These techniques
allow users to both move their devices and receive relevant
sensory feedback from their missing limbs [28-33]. These
technologies are beginning to blur the line between human
and machine, and hold the potential to integrate these assis-
tive devices as a part of one’s body [34, 35]. Additionally, for
people with spinal cord injury, emerging neural technologies
may include stimulating neural circuitry above or below the
injury to help restore and modulate the control of both upper
and lower limbs [36—41], respiration [42—44], and urinary or
bowel control [25, 45]. Finally, existing technologies have
opened avenues to potential treatment options in new and
unexpected ways. Beyond their conventional applications,
DBS and vagus nerve stimulation are currently being tested
in clinical trials for the treatment of a number of neurological
and psychiatric conditions such as depression, Tourette’s syn-
drome, Alzheimer’s, dementia, and addiction [46—48].
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Figure 2. Developmental cycle of neurotechnology process. Information flow in the process of developing and translating neurotechnology.

Neural engineering technologies have achieved significant
milestones and future potential of emerging technologies is
clear. There remains, however, a need to develop improved
devices that seamlessly integrate into the lives of users to the
point that these individuals are indistinguishable from able-
bodied individuals. Future progress will be enabled by three
key principles: (1) optimizing clinical benefit through the
close collaboration of applied clinical, quantitative, and basic
sciences; (2) uncovering a mechanistic understanding of neu-
ral systems and interventions to help inform treatment strate-
gies; and (3) understanding user needs and the context of their
disease management to improve end-user acceptance.

Engineering innovation

Training is required to successfully develop technology across
disciplines. Neural engineers must develop and incorporate
skills in systems-level project management, and user needs
assessment, and gain sufficient interdisciplinary experience
to speak the technical language of multiple disciplines and
backgrounds. The ability for neural engineers to effectively
communicate with multiple disciplines becomes more crucial
with a diverse team that includes scientists that are guided by
discovery, engineers that are design driven, and end-users/
clinicians that are generally more concerned with outcome
benefits and accessibility of the technology. The need for
expertise from multiple disciplines requires neural engineers
to build strong communication and interpersonal skills to fos-
ter effective collaboration in teams.

Neural engineers have long been performing convergent
engineering research, which was recently identified as a pri-
ority by the National Academies of Sciences, Engineering,
and Medicine [49, 50]. Convergent research integrates sev-
eral disciplines to address a specific challenge, resulting in the
combination of diverse disciplines’ knowledge and methods.
The combination of these disciplines also develops efficient

ways of communicating across disciplines and possibly even
a new scientific language. As basic science discoveries related
to neurological diseases and the integration and function of
neurotechnologies are achieved, they must be translated to the
clinical environment. This process relies on communication
between scientists, medical professionals, and neural engi-
neers, as they concurrently feed information to one another
and enable the progression of the field (figure 2).

Neural engineering technology depends on an effective
cycle of scientific discovery, innovative development of next-
generation technology, and evaluation of feasibility and effi-
cacy in the clinic. There is a need for scientists to continue
learning about the nervous system on a physiological, cellular,
and molecular level. In parallel, engineers need to incorporate
information from scientists and end-users (both clinicians and
patients) to guide the development of next-generation tools
and identify unmet needs that are necessary for advancing
knowledge and treatment of the nervous system. The knowl-
edge gained provides insight and approaches needed for cli-
nicians to understand, diagnose, and treat their patients. As
an example of this process, clinicians identified the incompat-
ibility of DBS electrodes with magnetic resonance imaging
(MRI) as a limitation to providing standard patient care [51].
Innovations in materials science provided specialized MRI-
compatible substrates, which engineers incorporated into
implantable electrodes [52]. These improved electrodes allow
clinicians to use standard imaging procedures to monitor dis-
ease progression while also enabling new scientific studies of
brain activity during stimulation [52].

As the field of neural engineering continues to grow, there
will be an emerging need for trained and experienced neural
engineers. Unlike other disciplines, there is no formal pathway
to practicing as a neural engineer. Instead, it is typically com-
prised of a combination of related education paired with expe-
rience in the field. A neural engineer may be formally trained
in a constituent field such as neuroscience, engineering, or
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medicine, and accumulate experience through immersion in
multifaceted teams. Through this experience, they learn to
leverage the teams’ expertise and address challenges across a
spectrum of biological and engineering disciplines. Therefore,
it is important that training environments foster opportunities
to actively interact with teams of scientists, engineers, and
clinicians. Furthermore, trainees will benefit from formal
course work in complementary fields, which will help them
more effectively communicate and bridge fields. It is crucial
that trainees themselves seek to understand challenges from
multiple perspectives and learn to frame problems and apply
techniques in contexts that extend beyond their formal area of
expertise.

Addressing knowledge gaps to advance neural
engineering

Neural engineering technologies have provided substantial
capabilities for understanding and communicating with the
nervous system. These advances in basic neuroscience, in
turn, have provided essential insight that enables the devel-
opment of neuromodulatory interventions. Despite these
advances, essential gaps in knowledge remain. One gap is
our limited understanding of how recording and stimulating
electrodes interact and interface with nervous tissue, as well
as strategies to seamlessly integrate electrode technologies
with nervous tissue and optimize their functionality during
interactions with the physiology of the implanted organ sys-
tem. Specifically, a discontinuity exists between brain tissue
and interfacing neurotechnology that may contribute to the
inflammatory response following implantation of intracortical
microelectrodes [53-57]. Inflammation can lead to declines
in chronic recording quality observed within months and a
decreased lifespan for the implanted device [58—-61].

A second gap is present in understanding neurological
pathways related to pain and autonomic, sensory, cognitive/
emotional, and motor systems. Specifically, questions remain
about device mechanisms of action, neural encoding, and neu-
ral changes at the cellular and molecular level. For example,
newly gained knowledge in modulating the autonomic nerv-
ous system has found applications in atrial arrhythmia, pain,
and hypertension [62—65]. An improved understanding of how
the autonomic nervous system responds to electrical stimula-
tion could further improve outcomes and expand applications.
Similarly, greater understanding of neural encoding would
allow devices that interact with the sensorimotor system to
better engage with existing neural circuitry. Furthermore,
with the growth of novel techniques and advanced materials
to interface with the nervous system, there is an increasing
demand for new standards to ascertain their performance,
efficacy, reliability, and safety. There has been an effort to
improve this aspect of neurotechnology development in
recent years. For example, in vitro protocols have been devel-
oped to rapidly test the durability and cytotoxicity of neural
implants in environments that simulates in vivo conditions
[66-70]. However, common methodologies have yet to be
adopted across research groups to consistently characterize

tissue response, neural recording quality, and chronic perfor-
mance. This limits the ability to compare across devices and
applications and hampers device translation to the clinic. It is
important to note that interventions with positive outcomes in
animal models do not always translate to human clinical tri-
als. These limitations reflect a need for comprehensive study
of the underlying neurobiology and mechanisms, which is a
fertile opportunity for collaboration between neural engineers
and basic neuroscientists.

Before innovative neurotechnology can reach its users,
most devices will need regulatory approval prior to clinical
investigation and commercialization. Fundamentally, regula-
tion is a balance between promoting innovative solutions and
ensuring patient safety. Within the last several years, there has
been a remarkable number of novel neural engineering devices
approved by the US Food and Drug Administration (FDA).
Certain key realms of innovation have seen huge advances,
such as closed-loop technology [71], high-frequency neuro-
modulation, non-invasive device technology, and DBS for
novel indications (see table 1). The FDA’s Center for Devices
and Radiological Health (CDRH) established several recent
programs that are designed to promote innovation in device
technology. For example, the Breakthrough Devices Program
was initiated to help patients gain timely access to break-
through technology and accelerate device development [72].
A neural engineering device that uses cortical stimulation sys-
tem for sight restoration, the Orion Visual Cortical Prosthesis
from Second Sight Medical Products, Inc., is among the 54
devices granted breakthrough status [73]. CDRH has also
implemented the Early Feasibility Study (EFS) program for
clinical studies [74]. The FDA is encouraging early feasibil-
ity studies to emphasize performing discovery science and
physiological research in clinical trials, bridging basic science
data and clinical findings. This program has doubled in size
over the last five years, with neurological devices claiming
the second-highest number of submissions, behind cardiac
devices. One of the forerunners in the EFS program was the
Networked Neuroprosthesis, from the Institute for Functional
Restoration. Based on their initial success from EFS, a pivotal
trial for this device is in the near future. Beyond the num-
ber of EFS submissions, the review process has become more
streamlined, with the time to approval for EFS clinical studies
reduced to an average of 68 d.

The data collected from clinical studies substantially con-
tribute to understanding the impact of these neurotechnolo-
gies and how neural engineers can optimize them to improve
functionality. Clinical trials of neurotechnologies should col-
lect rich patient feedback in multiple forms, including user
experience surveys and in-person interviews of perspectives
[75, 76]. Moreover, the insight provided by end-users will
continue to be critical to the advancement of these neurotech-
nologies. The device design process should include user feed-
back at every stage of the development process, from initial
conceptualization to final testing. Factors such as optimization
of current technologies, the need for additional features, and
the design and usability of these devices will improve consid-
erably with this important input.
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Although the FDA’s CDRH has released guidance docu-
ments specific to innovative medical technology, certain prod-
ucttypes face amore difficultregulatory path. Additional testing
and/or regulatory review time may be required for devices that
involve novel materials, are combined products with biolog-
ics (such as growth factors, stem cells or gene therapy), or
are modular systems with multiple product types integrated
into a single device (such as brain-controlled neuroprosthetic
systems) [77]. Other challenges arise from the design of clini-
cal trials for small patient populations, including appropriate
controls for neurostimulation or outcome metrics for devices
designed to allow novel capabilities [78]. Continued dialogue
between the FDA and the neural engineering community can
begin to address these issues. For instance, the FDA’s public
workshop on brain—computer interface devices for patients
with paralysis or amputation solicited community input on
challenges for BCI devices [79]. This meeting resulted in a
draft guidance document that lays out the FDA’s thoughts on
a diversity of pre-clinical, clinical, and device development
issues [80]. Among many valuable recommendations, this
draft document lays out a role for Patient Reported Outcome
Measures in clinical trial design, which can be a key element
for devices that improve user quality of life.

The need to continue exploring available pathways is stok-
ing collaborations across institutions and conversations about
the future of neurotechnology. For example, the National
Institutes of Health hosted a meeting, SCI 2020: Launching
a Decade for Disruption in Spinal Cord Injury Research, to
discuss recent progress and current gaps in the understanding
and treatment of spinal cord injury, as well as foster collabo-
ration between scientists, clinicians, and patient advocates.
The Cleveland Neural Engineering Workshop has been fos-
tering communication between scientists, engineers, medical
professionals, industry leaders, government funding agencies,
regulatory experts, and end-users since 201 1. Their expressed
goal has been to ‘bring together the neural engineering stake-
holders with the specific purpose of developing a strategic
plan, an infrastructure plan and best practices for the commu-
nity’ to advance neural technology for the next century [81,
82]. Conferences that have previously focused on case stud-
ies and reports from clinicians, such as the North American
Neuromodulation Society Conference, as well as confer-
ences that have traditionally been organized as collaborative
environments, such as the Neural Interfaces Conference and
the Gordon Research Conferences (e.g. recent specific topics
relevant to neural engineering include the Bioelectronics and
Neuroelectronic Interfaces Gordon Conferences), are increas-
ing their focus on scientific evidence, raising the bar for dis-
cussions and presentation of data from technology, scientific,
and clinical perspectives.

Neural engineering faces an exciting time for growth in
which we can leverage breakthroughs in other technologies
to expand existing applications. For example, advancements
in electronics and fabrication techniques facilitating hard-
ware miniaturization allowed multi-channel and multi-unit
recordings from nervous tissue. This technology both enabled
large-scale recording and accelerated the associated signal

processing [83, 84]. Innovations in recording neurotechnol-
ogy, such as optical tools [85] and high-density silicon probes
[86, 87], have allowed monitoring of single-cell activity in
large populations of neurons. Advancements in the capabili-
ties of neurotechnologies have facilitated further insight into
the function of neural circuitry as well as the role of individ-
ual cells during activity and associated behavior [88, 89]. As
the amount, variety, and complexity of data sources grows,
the neural engineering field stands to gain from the ongoing
development of big data approaches [90]. Data collected from
these emerging breakthroughs can be utilized to alleviate the
burden of many diseases and their symptoms.

Neural engineers may also employ their tools to continue
building our understanding of the central and peripheral nerv-
ous system, which is one of the great challenges in biology
and science [91]. To advance the science of neural engineer-
ing, it is necessary to invest in the development of technolo-
gies that are designed to expand scientific knowledge and
therapeutic applications. Therefore, it is crucial to continue
research support for the science of neural engineering, which
is often too risky for the commercial sector at the early stages
of innovation.

Future potential of neural engineering

Exploration of neural engineering traces back to the late 18th
century when Volta showed that electrical stimulation in the
ears produced sensations of sound [92]. In recent decades, the
field of neural engineering has rapidly accelerated. A search
of scientific literature indexed on PubMed returned 2242 jour-
nal articles describing neural engineering-related research
published in the last 30 years, 91% of which were published
in the last 10 years (figure 3). There are numerous success sto-
ries of neural technology helping people with disabling medi-
cal conditions. It has been estimated that the global market
for neurotechnology products will grow to $13.3 billion by
2022, a 12% growth from 2018 [93]. The leading segments
in this market belong to neuromodulation systems for spinal
cord and deep brain stimulation [93]. Notably, neuroprosthet-
ics systems are predicted to have a 57% growth from $2.1
billion to $3.3 billion from 2018 to 2022 [93].

Many opportunities exist to further improve the function-
ality, efficacy, and efficiency of neural devices. Some of the
immediate next steps may include leveraging recent progress
in battery technology, microfabrication techniques, and bio-
compatible materials. Furthermore, limitations in brain-to-
machine communication may be overcome by leveraging
increases in computing power to offload portions of device
control into learning algorithms that draw on contextual or
environmental cues.

Several neural engineering technologies may benefit from
developing closed-loop systems, in which biological feedback
is used to maintain effective treatment in the presence of the
dynamic central and peripheral nervous systems. Such closed-
loop systems often require reliable and accessible biomarkers
to be utilized as feedback to the system. Despite proof-of-
concept studies supporting closed-loop neural engineering
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Figure 3. Growth of neural engineering over the past 30 years. Total (left axis, grey) and neural-engineering-related (right axis, blue)
journal articles published and indexed in PubMed over the past 30 years. A search of PubMed with the publication type restricted to
‘journal article’ returned the total number of journal articles and adding AND (‘neural engineering’ OR ‘neurotechnology’ OR ‘neuro
technology’ OR ‘neural interface’) returned the number of journal articles about neural engineering.

systems [94], additional research initiatives are required to
identify biomarkers for a variety of disorders and ascertain
their suitability. Emerging neurotechnology provides research-
ers with new tools and perspectives to understand, treat, and
perhaps even cure or guide cures for brain injuries and neuro-
degenerative diseases.

Neurotechnology has matured to the point where there
is unprecedented commercial interest. Pharmaceutical and
technological companies have invested into neurotechnol-
ogy development as an alternative to conventional medicine.
Initiatives by GlaxoSmithKline and investments by Alphabet’s
Verily Life Sciences in recent years are among a few exam-
ples of expanding support for ‘bioelectronic medicine’. In this
emerging field, novel therapeutics intervene by electrically
modulating the body’s neural signals. Such solutions offer the
potential of user-specific treatments that could be selectively
tuned based on individual user needs, provide real-time symp-
tom relief, and reduce off-target side effects.

There is also notable enthusiasm for augmentation of people
without medical conditions. Companies hope to take advan-
tage of recent advances in artificial intelligence to develop
brain-computer interfaces that could enhance the human
brain’s processing power. The Defense Advanced Research
Projects Agency (DARPA) has shown particular interest in
human augmentation using neural engineering techniques
by announcing programs such as Targeted Neuroplasticity
Training (TNT) [95], which aims to augment brain function
to achieve rapid learning. In fact, commercial interests have
grown in this area and companies such as Kernel, Neuralink,
and Facebook have already invested in developing products
that could expand human cognition or improve the commu-
nication bandwidth between human and computer. Similar
to efforts to restore function in people with disability, there
is much work to be done before these technologies can meet

or exceed the functionality of the intact and healthy nervous
system. At the same time, ethical concerns around such new
technologies should be carefully considered and addressed
[96-98].

Further investment into neural engineering is critical to
push the field forward. Visionary early investments by the
National Institutes of Health (e.g. Brain Research through
Advancing Innovative Neurotechnologies [BRAIN] Initiative
and Stimulating Peripheral Activity to Relieve Conditions
[SPARC] program), National Science Foundation, and
DARPA (e.g. TNT and Electrical Prescriptions [ElectRx] pro-
grams) have supported high-risk, high-reward projects that
have enabled the field to achieve the current level of success.
Despite promising investment interest from the private sec-
tor, it is crucial that government agencies continue to support
foundational technology development and early-stage invest-
igational approaches. Nonetheless, the burgeoning commer-
cial interest in neural engineering is an excellent indicator of
the maturity of this exciting field, and its tremendous potential
to enhance quality of life in the future.

Conclusion

Neural engineering is a rapidly expanding and exciting
field. There are already numerous clinical neurotechnolo-
gies improving the lives of persons with neural deficits or
disorders. However, opportunities abound for involvement of
experts with diverse backgrounds. The active engagement of
such experts is imperative to tackle complex problems inte-
grating the nervous system with non-biological tools. More
effort should be dedicated to foster growth of the next genera-
tion of neural engineers by encouraging and facilitating train-
ing outside of trainees’ formal expertise. In addition, further
investment is needed to develop and refine next-generation
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technologies that will substantially expand quality of life.
However, investment should not be limited to those technolo-
gies with a clear path to market. Research initiatives should
promote development of new tools and novel techniques,
as well as work that investigates underlying mechanisms of
neurological conditions and interactions with neurotech-
nology. Neural engineering both benefits from and enables
enhanced understanding of basic science, which is crucial to
enable progress in the field and innovation of neural devices.
Although any landmark progress in the field requires technical
innovation, several key non-technical groups are essential to a
successful development process, including funding agencies,
regulatory agents, end-users, neuroethicists, and the private
sector. Therefore, it is essential to develop pathways for early
engagement between regulatory bodies and those who develop
neurotechnology, as well as between academia and industry.
By working closely together, we can translate research discov-
eries into neurotechnologies that impact society.
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