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Abstract
Objectives: To identify technological advances that are likely to have a great impact on

the quality of life and participation in individuals with spinal cord injury (SCI).

Methods: In this paper we use the International Classification of Function to frame a

discussion on how technology is likely to impact SCI in ten years.

Results/Conclusion: While technology advances are exciting, a large challenge for the
research community will be how to effectively apply and deploy this technology.
Advances occurring in the next 10 years that reduce cost of technology may be more
important to the population with SCI than brand new technologies. Social context is
everything. As a research community we must advocate for better systems of care.
Advocating now for better care will lead to a world in 2020 that is ready to adopt new

technologies that are truly transformative.

Keywords: Spinal cord injury; mobility, assistive technology; International Classification

of Function
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Introduction

The International Classification of Function defines mobility as “moving by changing
body position or location or by transferring from one place to another, by carrying,
moving or manipulating objects, by walking, running or climbing, and by using various
forms of transportation.”(1) Clearly this broad definition highlights the areas that can be

affected by paralysis and loss of sensation in individual with spinal cord injury (SCI).

Individuals with SCI and significant neurologic impairment are able to move through use

of technology such as wheelchairs, orthoses such as leg braces, and neuroprosthetic
functional electrical stimulation (FES) systems. Recovery of function is likely to be
impacted by technology such as robotic therapy devices. Thus current technologies
enable significant independence and participations. However there is also substantial
room for improvement. In this paper we discuss where we believe technology for
movement will be in approximately ten years, thus informing directions for future

research.

Framework

According to the International Classification of Function (ICF) framework a patient’s
level of disability is an interaction between their impairment and the environment.(1)
Technology impacts this in a number of ways. A robotic gait trainer can reduce
impairment and thus disability. A wheelchair makes it possible for an individual with
paralysis to traverse a sidewalk. FES can reanimate an arm to allow for object
manipulation. In this framework, technology has the potential to fully eliminate

disability (see figure 1). However, technology has not achieved that end goal.
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Wheelchairs available on the market cannot traverse steps, FES devices do not allow an

individual to play a piano, and robotics do not result in full recovery.

Will technology allow complete independence someday? The answer is likely yes. How
will this come about? While research directly in the field of rehabilitation is essential, in
the technology realm, it is likely that breakthroughs in general technology will drive
improvement in technology for mobility. In ten years computers will be faster, power
supplies will last longer and deliver more power, all components will be smaller, and the
software that controls devices will be smarter. In addition the ability for machines to
interact directly with the body will improve through better sensing, biocompatibility and

integration with the nervous system.

All of these advances have the potential to greatly impact individuals with SCI, but
individuals with SCI frequently don’t fully benefit from the technologic advances.
Economic reality often stifles research for products that would only benefit a relatively
small population. Even when large populations exist, such as all wheelchair users or all
individuals with upper limb impairment, the reimbursement of medical services or the
complexity of health systems across the world can prevent progress. Thus, when
discussing future technology, it is essential to look at social context. In this paper we will
review expected advances in specific areas of technology. We will then look at the
device level to project how these advances will impact rehabilitation and assistive
technology. Finally we will look at the social context of technology for mobility and how

the political, social and economic environment is likely to impact advances.

Advances in Technologies

Power sources
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Power sources have advanced with higher capacity and lighter weight cells that are more
resilient to “abuse”. This has been driven largely by the demands of cell phones and
laptop computers. New technologies demand even greater capabilities including greater
capacity, extended periods between charges, longer life, and greater tolerance of over-
discharge. Even greater demands are created when the device is implanted in the body
with the consequences of failure amplified by replacement that requires surgical
intervention. Several approaches have been developed to address these challenges
including power supplied by inductive radio frequency (RF) coupling of power to the
implanted (and moisture protected) circuitry. This can be used as the direct power
source, eliminating the need for implanted batteries, or as the source to recharge an

implanted battery.

One may expect new technologies to provide a larger number of alternatives for power
sources. Already, lithium ion and similar chemistries have advanced to allow greater
capacity, an enhanced number of charge/discharge cycles, and discharging to zero charge
without damage to the cell. Looking further into the future, one can envision cells that
not only include new chemistries, but also entirely new concepts. Are implanted fuel
cells in our future? As our consumer demands on large power systems for automobile
propulsion enable clean power solutions, one can expect that some of these will be
applicable to power sources for SCI. What about cells recharged by the movement of the
body—a physiological recharging mechanism(2) or cells that can utilize the body’s own
chemistry to provide the power source to the cell. With the demands of a greater number
of portable consumer devices to drive them to smaller dimensions and lighter weight,

and the broader acceptance of implantable medical devices, clearly some of these

technologies will be realized in practical forms.

Processing
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Moore’s law predicts that the number of transistors that can be economically placed in a
processor will double every two years.(3) For the last 45 years, the semiconductor
industry has met this prediction. Advances in processor technology have provided us
with affordable laptops, mobile phones, digital cameras, HD TV’s, internet
communication, and wireless routers. Perhaps more importantly, these advances have
enabled much of the progress in medical care that has occurred over the past several
decades. For individuals with disabilities, the independence provided by mainstream
technologies such as mobile phones, laptops and internet access is substantial. So, what
can we expect as an encore? First, we should ask: does it matter? Many of the advances
in rehabilitation technology that we can expect to see over the next decade may be
possible with microprocessors available today. Our primary challenge is to utilize these
fast, cheap and powerful processors to restore mobility with the next generation of

technology.

Some experts predict that Moore’s law may hold only for another 5 years, so we will
have to look beyond the mainstream of the semiconductor industry for the next round of
advances in processors. We see at least three trends in processors that may enable
improved mobility for people with SCI. First, we will move beyond the binary realm of
the digital transistor. ‘Neuromorphic’ technology(4-6) uses paradigms that mimic
biological neurons in an attempt to gain some of the computational capabilities and
computational efficiencies of neurobiological systems. Second, we will have processors
that adapt to needs of the user. These adaptations may come about through
neuromorphic design or entirely different approaches, but they will enable autonomous
reconfiguration of the processor itself to improve processing speed, enhance processing
capability and/or reduce power consumption. Finally, we will have tools that will reduce

costs and improve the functionality of custom-designed processors. Engineering design
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tools that enable rapid and cost-effective development of specialized microchips will

enable their utilization in small market technologies such as those for people with SCI.

Sensors

Sensors technology can be critical to movement in SCI. As an example position sensors
can provide a feedback loop necessary for high level control of a FES-power
neuroprosthesis.(7) Additionally sensors that can detect tissue hypoxia can alert an
individual with SCI to move as a means of preventing pressure sores.(8) Advances in
sensors over the next ten years will likely include an increased capacity to sense various
body stasis parameters noninvasively. There will also likely be an increased ability to
transfer this data in real time to widely distributed networks. GPS and ubiquitous camera
systems are likely to be able to provide additional information related to location and
position in the environment. Thus one could envision that in ten years wheelchairs will
incorporate GPS and sensor ability. The sensors will automatically trigger movement for
pressure sore prevention. Cameras could allow for collision avoidance so that individuals
who have limited motor function are safer while driving.(9;10) In addition smart clothing
based sensors will provide the feedback needed for high level closed loop control,

including temperature sensors, to avoid burning an insensate hand.

Manipulators

Manipulators or robotic arms represent a range of devices that have the potential to be
used by people with high level SCI to perform tasks. They can be attached to work-
surfaces or wheelchairs and have been produced commercially for nearly two decades.
(11;12)The limitation of most of these devices has been the need for extensive inputs
from the user, through devices such a “sip and puff’, and head or eye-tracking. This

limited input coupled with the multiple degrees of freedom of the manipulators makes
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task performance very slow compared to typical function. Therefore manipulator or
robotic arm technology is more limited by the ability of a user to control the arm than the
technology to build the arm. Advanced machine vision systems, brain computer
interfaces, and shared control with a remote user, maybe the most important advances
that can be achieved. The advances that are likely to occur in manipulators will involve
greater dexterity of the “hand”, the inclusion of sensory feedback, and greater speed and
strength through miniaturized motors. It is likely that some of the DARPA-supported
advances related to the ongoing emphasis of prosthetic limb control will be applicable to
people with SCI. In the end, additional improvements are likely to be driven by
commercialization strategies that increase access to manipulator technologies. Advances
in many of the areas covered in this paper will be needed to drive complex manipulators.
For example, machine vision and “function-prediction” features involving artificial

intelligence will reduce the level of control required from the user.

Algorithms — software

‘Graceful’ is a term that has rarely been used to describe the movements produced by a
neural prosthesis, an exoskeleton, or a semi-autonomous wheelchair; ‘robotic’ is a term
that has rarely been used to describe the movements of a cat. The cat has arrays of high
quality sensors for multiple modalities of information and has a set of strong and well-
controlled muscles. Most importantly, however, the cat utilizes highly evolved and
specialized algorithms to integrate information, plan movement and execute a
coordinated strategy. Over the next decade, we envision technology for mobility that is
safer, more highly functional, more energy efficient and more graceful. The pattern of
light that falls on a camera lens can be used to gather information about obstacles, the
pattern of forces on an insole sensor array can be used to monitor the progression of the

center-of-pressure during gait, and the pattern of torques generated by motors can

8
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provide information about the actions of the exoskeleton. Integrating sensor information
across multiple modalities to plan a movement path or strategy provides an even greater
challenge. Advances in these areas will primarily be achieved through the development
of algorithms that are akin to those used by the cat and other biological systems.
‘Biomimicry’ is an expanding branch of engineering that seeks to develop technology
that mimics biological systems.(13) Biomimetic sensors and biomimetic actuators will
play a role in improved systems for mobility, but perhaps the greatest advances will
come from the development of biomimetic algorithms — computations that mimic those
of the sensorimotor regions of the brain and spinal cord.(14) The combination of multi-
modal sensor fusion tactics and motor coordination strategies may ultimately produce

systems for mobility that deserve to be described as ‘graceful’.

Impact on specific devices

Robotics

For the purpose of this paper, rehabilitation robotics for mobility can take two roles.
Rehabilitative robotics can help the individual with SCI regain function. Two current
examples include robotic treadmill ambulation devices and robotic upper limb retraining
devices.(15) Research has found that repetitive movement can enhance the return of
motor function. These exoskeletally applied rehabilitative robotics are ideally suited to
this role and have the added benefit of measurable outcomes, a critical issue in
healthcare. Most rehabilitation robotics use computer feedback or a virtual reality type
environment to give the user feedback in a gaming environment. In the future, these
relatively simple exoskeletally applied devices are likely to become more complex,

allowing for greater freedom to received assistance during an actual task. At the same
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time they will likely be able to measure the amount of assistance provided and adjust
their rehabilitation regimen in subtle ways. As these tools become more widespread, the

cost is likely to decrease and the proliferation of these devices is likely to occur.

In addition, assistive robotics can theoretically provide direct assistance with activities of
daily living. Assistive robotics have significantly more technical hurdles to overcome to
become truly functional. Technical hurdles include the ability to move around in a
changing environment autonomously. This is an intense challenge in the robotic realm.
Simply picking up objects and being able to adequately manipulate them for functional
uses is challenging. Above all else safety must be maintained, which requires that the
robots operate with extreme precision not needed in other applications. Advances in the
technical areas listed above are likely to hasten progress in assistive robotics and in the
meantime simple robotics as part of other devices (smart wheelchairs — see below) are

likely to predominate in rehabilitation.

Exoskeletons

Born out of military and space applications to enhance performance on the battlefield
and in space, respectively, exoskeletons have a place in the rehabilitation market for SCI.
In general, the term 'exoskeleton’ is used to describe a device that is external to the body,
like a brace. But unlike a brace, augments the performance(16) through actuators. Many
exoskeletal systems have been developed to augment function, but have yet to gain wide
spread use. This is largely due to the size and weight of current systems and to
difficulties with performance in the natural environment. Exoskeletons as devices to
improve rehabilitation, like the robotic treadmills have gained some acceptance. New
developments in hydraulic actuators, battery power, sensory circuitry and materials are

likely to turn the exoskeleton of the future into more of a ‘Second Skin Space Suit’, as

10
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military focus on such developments will have spinoffs to people with disabilities. The
devices will be customizable to the needs and anatomy of the user, sensing and
compensating for fatigue and worn inconspicuously under common clothing. By 2024,
people will walk down streets, in malls and home bearing exoskeletons. Rehabilitation
will have an assortment of them available to aid people with SCI, some as assistive

technology to wear for walking and some for rehabilitation in the clinic.(17)

Wheelchairs

At present, wheelchairs are the most important mobility technology for individuals with
SClI and are likely to remain so for at least the next decade. The evidence that
wheelchairs impact quality of life is overwhelming.(18) Yet in the last decade design
improvements in wheelchairs can be described as “incremental”. Changes in the next
decade in manual wheelchairs will likely be dictated by improvements in materials and
manufacturing that will drive down the weight and increase the ease of mobility and
customizability of chairs. Mobility control will be greatly impacted by advances in
machine vision that will allow autonomous navigation. Advances in virtual reality will
allow better training. Software and microprocessor advances will allow for smarter
joysticks that will enable even those with the most severe motor impairments to use this
control and in the absence of any motor input brain computer interface (BCI) will allow a
user to think and control the wheels. The power wheelchair itself will involve greater
sensing and flexibility allowing it to traverse significant environmental barriers and very
rough terrain. In addition, the wheelchairs will be able to sense aspects of the driver’s
well being and automatically call for help, or shift seat configuration to prevent pressure
sores. Although it is possible that advance in other areas, like exoskeletons, will
eventually render the wheelchair as we know it obsolete, this is unlikely to happen in the
next ten years making continued research essential. Furthermore, there is a significant
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challenge in seeing these advances adopted by manufacturers who are challenged with
decreasing reimbursement and manufacturing facilities that are not setup to incorporate

new high tech materials.

Direct Brain Interfaces

Direct Brain Interfaces (DBI or Brain Machine Interfaces) refer to a direct access to brain
signals for the purpose of controlling a device or receiving sensory feedback.(19) At
present there is significant study in this area as it relates to SCI. DBI have the theoretical
benefit of offering virtually unlimited control signals using thought to operate a device.
Current major hurdles for DBI are related to biocompatibility and stability of electrodes
that penetrate the brain, achieving maximal degrees of freedom from the implanted
device, and providing sensory input that is needed for higher levels of control. Even with
these barriers investigators have achieved multiple degree of freedom control in non-

human primate studies and in human studies.(20;21)

It seems likely that higher degrees of motor control will be achieved in humans in the
next 10 years and that a clinically viable product will be available. Creating a stable
interface will likely still be the subject of investigation for electrodes that penetrate the
brain. However, non-penetrating electrodes (known as ECoG) may achieve high degree
of freedom control and be a stable long term solution. Providing the high level sensory
feedback needed for closed loop control will likely still be the subject of much research
and the interaction of the brain and the interface to achieve maximal neuroplasticity will

likely be studied for decades.

Neural Prostheses

Neural prostheses (NP) can increase the function of people with SCI providing the ability

to use paralyzed hands, breath independently, improving bowel and bladder function and

12
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trunk control.(22;23) Currently, these functional enhancements are each provided with
individual devices. In the near future a multifunctional networked device will enable a
network of sensing and actuation (stimulation) power and control modules to be
distributed throughout the body in the regions of the target organs. This will allow
scalability and has the potential of enabling a user to have many body functions restored
with a single device. NP function also will be impacted by other advances in electrodes,
sensors, power supplies, cellular therapies as well as techniques to modify the function of
neural circuitry. Despite strong performance, NP technology is not widely available. This
demonstrates the challenges of bringing class 111 technologies onto the commercial

market in small populations such as SCI.

Neuromodulation and drug delivery

Although biologically driven neuro-repair is not the focus of this paper, advances in
technology are likely to drive this area and warrant discussion. A critical aspect of
recovery of movement after SCI is central nervous system neuroplasticity. Neuroplastic
changes can be influenced both by the environment and activity which can be
manipulated through interventions ranging from activity-based therapy(24;25) to
electrical stimulation(26) to cellular implants, to local or systemic application of various
substances. Here we focus on neuromodulation via electrical stimulation and via
chemical agents. By 2020, delivery systems will be available at a scale appropriate to the
job, from macro down to nanoscale.(27;28) Indeed, there are already movements from
macro to micro in electrodes.(29) Similarly, progress is being made in developing new
drug delivery systems, from the current macro system implantable pumps, to drug
infusion patches, to encapsulation of drugs in nano-sized carbon buckyballs and

nanotubes permitting delivery even across the blood-brain barrier.(30)
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Technical challenges in creating such technologies can be confidently predicted to be
overcome; however, knowing where and how to stimulate (electrical) or what substances
to deliver at what rates, and the means of directing these devices to those targets, pose
the rate limiting factors in employment of this new technology. Neuromodulation is
likely to be used to augment gait therapy for example, where it could facilitate the
lumbar pattern generator, thus promoting ambulation. In terms of impact on
rehabilitation, it can be anticipated that deployment of these approaches will not be in the
nature of the Fantastic Voyage (1966), but rather will be commonly utilized in a
rehabilitation setting in coordination with targets autonomously acquired using

chemoattractors and magnetic field manipulation.

Virtual Reality

Simulation and virtual reality (VR) hold the promise to assist in achieving greater
mobility in a wide range of activities such as walking(31) and driving.(32) In addition,
VR can be used to improve social integration, state of health, morale and self esteem
through virtual sport.(33;34) There is a critical difference between systems that use VR
only and those that link VR to physical simulation of a real-life activity such as walking,
driving or sailing. VR that uses bodily responses can be fun and motivating, and can be
structured to provide progressive challenges thus increasing motor skills as rehabilitation
progresses.(35) In 10 years VR will likely be less expensive, more immersive, and better
able to respond to any biologic signal such as BCI.(36) VR in one form or another will
likely be a normal part of rehabilitation, increasing the fun of repetitive movement and
motivating patients. Research in 2020 is likely to involve the best way to use this
potentially potent tool from a neuroplasticity, motivation and motor recovery

perspective.

14



308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

Potential impact on individuals with SCI

Impact on movement in ICF framework

The International Classification of Functioning, Disability and Health (ICF) was
developed by the World Health Organization with the overall aim of providing a unified
and standard language and framework for the description of health and health-related
states.(1) It uses detailed accounts of a variety of impacts on daily living and quality of
life, for example, which can thoroughly classify an individual with more than one
condition. The model also accounts for a treatment shift from simple diagnosis by
observation to a diagnosis not only of the condition but also the impact on body
structure. As related to SCI, the ICF model defines mobility very specifically, not

leaving this to interpretation by regulators, third party payers or policymakers.

Since its creation, the implementation of the ICF model has been limited. The model
uses a matrix to compare domains versus qualifiers of performance and capacity. This
classifies an individual in great detail making it difficult to adopt in the clinical
environment. In the future, a training module or computer algorithm may be developed
to create a deployment tool for practicing clinicians and third party payers to quickly and
simply apply the model. As the ICF model relates to the application of technology to
overcome a disability, the classification may demonstrate the user’s improved
performance even though limitations in capacity still exist. More widespread use of the
ICF model will improve our ability to assess the effectiveness of technology as it relates

to daily functioning and allow for a common language across world health systems.

Barriers to deployment

15
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It is paramount that the scientific process leads to an influential end result for the user.
Perpetual research that yields nothing to benefit the consumer can be considered by
many to be a waste of money and time. There are three main barriers to deployment of
technologies for mobility; 1) market availability, 2) awareness and 3) financial access or
cost. Market availability has several components including technology transfer,
commercial intent early in the development process and technology evolution for
commercialization. Awareness includes not only the person with an SCI, but caregivers
and clinicians. In clinical practice the integration of technology should be part of the
standard of care. These barriers must be considered early when designing new
technology. Inclusion of end users with SCI throughout the process can help reduce
barriers. While these issues are current, they are unlikely to change and may become

more challenging over the next 10 years.

Financial access or cost relates to the design of useable technologies that are affordable
to the diverse world health systems including third party payers, government programs
and out of pocket purchases. Inevitably, prototypes cost more than marketable
technology; however innovation must lead to affordable end products. If researchers are
overly concerned about cost engineering, many of the developments discussed above
will not come to fruition and great advances will not occur. But researchers must not
ignore cost decisions when developing products. Although the costs may be high for
many technologies, the impact is substantial and can be available over the full life of the
individual. Thus, the Quality of Life Years that are provided by technologies for people
with SCI will be a significant argument to be promoted to gain acceptance by payers. A
major challenge will be to develop delivery models that ensure that when regulatory

approvals are received, that it is sustainable both clinically and financially.
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If third party payers do not approve a device it will only be available to the wealthy and
will likely fail for lack of a market. Companies with great ideas have gone out of
business, because their products could not be coded and reimbursed. Independence
Technology, a J&J company, was founded to market and sell the innovative wheelchair
known as the IBOT™,(37) The IBOT™ incorporated gyroscopes that allowed it to
balance on two wheels, go over rough terrain and up stairs. These features are listed
above as futuristic. However, the device was deemed not medically necessary and the

absence of a successful reimbursement model led to a failed product.

Fortunately the cost of technology is decreasing. This trend is likely to continue through
2020 opening new possibilities. While research progresses in new technologies it is
essential that cost benefit models be explored that document the added medical and
functional impact of products. At the same time research must advocate for the broader
ICF view of participation instead of a narrow focus of “medical necessity”. What needs
to be elucidated is the cost for an individual and society if the enabling technology is not
provided. In 2020, it may not be justifiable to deny technology on the basis of
affordability, particularly if the provision of an item allows an individual to become a

valued member of society.

Conclusion

Technology holds great promise to ameliorate disability and allow for full participation
for individuals with SCI. However a few themes emerge as one follows where

technology for mobility research is likely to be in 2020. While technology advances are
exciting, a large challenge for the research community will be how to effectively apply

and deploy this technology. It is not how we design the latest rehabilitation robot, but

17



379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

how we use it to enhance the lives of people with SCI. Technology is likely to put
amazing tools at the fingertips of clinicians, but if it is not properly implemented, they
may be discarded. In addition, if during technology development, research has not
effectively shown the value of the product, it will not be accepted by third party payers.
These issues require imaginative approaches, not just to the development of
technologies, but to the proof of their efficacy. Given the size of the population with SCI,
greater national and international collaborations will be needed than ever before to

develop the studies needed to prove efficacy.

A second theme is cost. Advances occurring in the next 10 years that reduce cost of
technology will likely be more important to the population with SCI than brand new
technologies. The affordability of mobile communication has arguably done more for the
safety of this population than any device research has developed. Advances that have
commercial appeal and can sell to mass market will lower prices and open the
technology up to the community with SCI. The assistive technology researchers of 2020
will need to take advantage of reduced costs and address the commercial viability of their

inventions, not just for an initial target population of SCI, but for a broader marketplace.

Finally, social context is everything. If the 2020 researcher develops a great product but
health care systems do not support its use, a life’s work could be wasted. In addition,
advances in genetics and stem cells could be legislated against if not politically
acceptable. As a research community we must advocate for better systems of care now.
In addition we must pay attention to the social and political climate in which we work. If
we wait for 2020 it is unlikely that the products developed at that time will ever sell. This
advocacy cannot just stop in our own country. It must extend beyond individual borders

and determine how we impact the world population with SCI. Advocating now for better
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403 care will lead to a world in 2020 that is ready to adopt a new technology that is truly

404 transformative.
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Figure Legend

Figure 1: International Classification of Function (ICF) based model for the paper. The
frame of the picture represents the social context that will impact utilization and
development of new technology. Along the top are the ICF related functions likely to be
impacted by technology advances. Beneath ICF functions are the specific technologies
that will impact devices, which are listed down the right side. At the center of it all is the

person with a SCI.
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