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 Introduction

Military conflicts in Iraq and Afghanistan 

exposed US service members to the widespread 

use of improvised explosive devices (IEDs) by 

enemy combatants and thus to potentially devas-

tating blast-related injuries. Thanks to modern 

protective military equipment and advanced 

medical solutions and technologies, many ser-

vice members have survived these and other inju-

ries that in previous wars would have been lethal. 

Unfortunately, many survivors have sustained 

significant limb injuries or losses that require 

reconstruction or amputation (see MacKenzie 

and Bosse [35] in this volume) and subsequent 

orthotic or prosthetic intervention to restore func-

tion (see also Pasquina et al. [48] in this volume). 

Dealing with the number, complexity, and long-

term sequelae of limb trauma and amputations 

has become a top priority for military medical 

researchers and caregivers, whose work ultimate 

extends to benefit the treatment and recovery of 

civilians who suffer similar injuries.

To promote advanced military medical solu-

tions for lower limb amputees, the US Army 

Medical Research and Materiel Command’s 

(MRMC) Telemedicine and Advanced 

Technology Research Center (TATRC) spon-

sored a series of meetings to identify the state of 

the art and to advance the state of the possible in 

lower limb prosthetic concept, technology, and 

design. Participants and contributors were drawn 

from industry, academe, clinical practice, non-

profit, and government sectors. Government-

level subject matter experts were included from 

the National Aeronautics and Space 

Administration (NASA), Food and Drug 

Administration (FDA), Department of Defense 

(DoD), and Walter Reed National Military 

Medical Center (WRNMMC). The goal of their 
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collaboration with TATRC was to envision and 

identify requirements for a manufacturer- agnostic 

lower extremity gait system (LEGS)1 that would 

consist of customizable, interchangeable, and 

interoperable components to restore ambulatory 

function. The envisioned system would exem-

plify an easy-to-maintain human-centric design 

that is adaptively responsive and volitionally con-

trolled by the user and configured to maximize 

component compatibility through the use of open 

standards.

The insights and findings drawn from the 

LEGS meeting series inspired development of this 

book, with chapters developed and organized to 

capture the broad scope and multiple domains and 

disciplines of scientific medical inquiry, compo-

nentry, and technical development necessary to 

foster the design and development of advanced 

prosthetics in general and of LEGS in particular. 

Through literature search, site visits, and extensive 

discussion and collaboration, LEGS project work-

ers and participants identified specific challenges, 

gaps, needs, and barriers that must be overcome to 

advance numerous involved component capabili-

ties (see also Fite [7] in this volume) and to bridge 

the divide between current device capabilities and 

the ideal future system envisioned as LEGS. Their 

deliberations targeted essential design features and 

componentry, including control, sockets, bus, 

power, algorithms, and the need for open source 

and open standards to support meaningful and effi-

1 Although it is arguably more common to describe the lost 

leg as a lost “limb” (vs. “extremity”) – the term “limb” distin-

guishes the leg in whole or part from its extreme appendages 

(toes) – prosthetic devices designed to replace the lost lower 

limb are often described as “lower extremity prostheses” 

(e.g., see http://www.aopanet.org/legislative-regulatory/

study-higher-standard-of-care-for-patients-with-limb-loss-

or-spinal-injuries-saves-medicare-money-in-most-cases/). 

Thus, when we refer to the “lower extremity gait system” 

described by the LEGS project, we use the term “extremity” 

to describe the envisioned prosthetic system, rather than the 

limb it supposes to replace.

cient scientific and technical collaboration. Critical 

knowledge gaps, capability gaps, component limi-

tations, and nontechnical considerations (e.g., lim-

ited training, lack of standardization) were 

identified, pointing to the need for additional 

research and development to achieve the vision of 

an advanced system such as LEGS. Here, we sum-

marize the primary concerns and considerations 

that were addressed as research and development 

objectives through the LEGS initiative.

 Sockets and Sensors

Specific gaps identified included the need for 

more durable socket technologies, advanced 

materials, and liners to preserve patient health 

and comfort while maintaining residual limb 

homeostasis and management of external forces. 

Although socket design has advanced over more 

than a century of prosthetic design and develop-

ment history (see also Gailey et al. [8] in this 

volume), today’s prosthetic users all too com-

monly experience residual limb skin problems 

related to residual limb volume, moisture accu-

mulation, shear force, and external stressors 

associated with walking and running [4, 29, 39]. 

Although not yet a viable alternative, researchers 

are working to develop osseointegration proce-

dures that could eliminate the need for socket- 

based suspension by allowing direct attachment 

of a prosthetic limb to the bone (see Webster 

et al. [61] in this volume). As a near-term require-

ment for LEGS, project participants identified 

the need for improved socket and liner materials 

that enable heat dissipation, user-controlled 

adjustment, and adaptability to ambulatory func-

tion without the need for user input. They con-

sidered that these objectives could be addressed 

initially by determining the minimum biome-

chanical surface necessary to allow a lighter, 

more comfortable interface while preserving 

security and function.

V. Tepe et al.
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Socket liner materials have been widely 

explored, for example, to include thermoplastic 

materials such as copolymer (TPE), polyure-

thane (PUR), and silicone. Some difficulties 

might be mitigated by the incorporation of newer 

materials, composites, and designs that can 

exploit the properties of advanced alternative 

materials such as nickel titanium, ceramic 

(porous, thread, matrix for composite), shape 

memory, and thermo-conductive polymers. 

Unfortunately, the influence of liner materials on 

prosthetic user performance is not well under-

stood. Little research has been done to inform 

prescription practice as to how liner material 

selection might affect individual residual limb 

and patient health [28]. As a result, clinicians 

must rely primarily upon their own professional 

experience. In addition to improved materials 

research, development, and testing, there is a 

need for improved socket measurement and fit-

ting processes. Although measurement and fit 

have improved greatly through the use of com-

puter-aided design (CAD) and other advanced 

tools, these techniques are not error-free. 

Practitioners need evidence- based guidance and 

training to better meet the specific needs of their 

individual patients.

Socket design and function would be improved 

by the incorporation of durable, rugged, minia-

turized sensors that can be used to provide device 

and biological feedback to the system and its 

user. Sensors can be used to detect changes in 

temperature, pressure, moisture, volume, shear, 

impedance, kinetics and kinematics, blood flow, 

and other biological and environmental variables. 

For example, movement can be “sensed” by mea-

suring linear acceleration via an accelerometer 

and angular rate via a gyroscope [17]. Sensors 

can be embedded in wearable items such as 

socks, but prosthetic applications present unique 

challenges with respect to sensor size and dura-

bility. To fit comfortably, and to function reliably 

within a prosthetic device socket, the sensor must 

be miniaturized, flexible, and ruggedized to per-

form effectively in hot, humid, or desert-like 

environments and at close proximity to human 

tissue. Advanced computer capability is also 

needed to support the integration of multiple sen-

sors as a functional suite with actuator output.

The ideal LEGS would include a responsive 

homeostatic device that could dynamically man-

age force, circulation, moisture, volume, and 

other socket environment variables without 

requiring direct user input. By feeding proprio-

ceptive and exteroceptive sensor feedback to 

prosthetic device control, it may be possible to 

support more natural motion. To this end, it 

would be helpful to determine what type and how 

much feedback is most effective, for example, to 

improve user gait without requiring unnatural or 

extraordinary effort by the user. Research is 

needed to test and compare various types of feed-

back (e.g., tactile vs. auditory) and evaluate their 

relative effectiveness and impact on user perfor-

mance. Relatedly, researchers should consider 

that it may be helpful to prioritize performance- 

critical feedback and to filter out potentially dis-

tracting feedback that might interrupt or hinder 

performance. The ultimate objective is to trans-

late meaningful information about prosthetic per-

formance and socket environment into effective 

user control, via adaptive algorithms and control 

loops that are as analogous as possible to native 

motor control and reflexive systems.

In order for an advanced prosthesis to “learn” 

its user’s intent, the system will require advanced 

pattern recognition, time series analysis, and 

learning algorithms to monitor, analyze, and 

respond to user performance and outcome data 

(e.g., correct event detections, responses, adjust-

ments, and falls). One candidate approach is a 

wireless body sensory network (BSN; [13]), 

which could be used to monitor physical demands 

that are placed on the user while mobile (e.g., 

ground reaction forces during heal-toe strike), 

supply information directly to the user, and ulti-

1 The History and Future of LEGS
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mately inform researchers working to improve 

prosthetic design. Autonomous patient control 

could further be enhanced through the additional 

use of electroencephalography (EEG), targeted 

muscle reinnervation (TMR), and implantable 

myoelectric sensors (IMES). These volitional 

control technologies are considered in more 

detail later in this chapter.

 Power and Control

Among the challenges to achieving a fully inte-

grated LEGS system is the need for standardized 

power and data buses that can communicate effec-

tively and reliably with one another. Currently, 

separate prosthetic devices (e.g., knee and ankle 

prostheses) are forced by design to operate inde-

pendently, never communicating with one another 

concerning their respective operations, power, or 

performance. Where a prosthetic configuration 

includes multiple devices, the user should have 

the option to exploit fully integrated control and 

linkage, for example, via a personal computer bus 

that allows each device to draw power from the 

other as needed, download updated software for 

each device, or adjust performance of one device 

to accommodate the known capabilities or limita-

tions of another. This proposal is achievable in 

principle but is not yet possible in practice. 

Integrated device control is well within the capa-

bilities of currently available systems and tech-

nologies, but linkage requires willingness on the 

part of prosthetic manufacturers to employ shared 

standards.

The “muscle” or driver of the prosthetic is its 

actuator. Historically, actuator technologies have 

been heavy, bulky, inefficient, difficult to control, 

and capable of high force but ineffective for fine 

movements or adjustments. Direct current motor 

technology improves actuator power density but at 

torques and speeds that are not well matched to the 

needs of prosthetic ankle and knee systems. The 

speed and force of conventional actuators cannot 

replicate what is achieved by human musculature 

that supports native lower limb gait and function. 

Notable advances have occurred in the develop-

ment and demonstration of back-drivable and 

series-elastic actuators that can be more precisely 

controlled [18, 37, 58]. The application of pneu-

matic muscle actuators (pMAs) to wearable exo-

skeleton legs also demonstrates the potential for 

“soft” actuation, at least in the rehabilitative set-

ting ([3]; Rovekamp et al. [52] in this volume). 

New designs emphasize force and torque control 

to support more precise user-system interaction. 

Additional efforts to achieve biomimetic actuation 

include explorations using electroactive and con-

ducting polymers [17, 26] and artificial and ani-

mal-derived muscle [19, Shahinpoor [56] in this 

volume]. Among the advantages of these solutions 

would be more quiet and adaptive function of the 

sort envisioned through the LEGS initiative [18, 

20]. “Soft” technologies and conforming biomi-

metic structures can also serve to reduce system 

weight and improve portability and efficiency.

Advanced developments in the field of lower 

extremity prosthetics are moving increasingly 

toward actively powered designs that require 

independent power sources. Here again, the need 

for open standards and standardization presents a 

nontechnical but significant challenge. 

Interoperability among multiple devices is neces-

sary to an integrated system. The ideal power 

supply/battery would be a single small, central-

ized, lightweight, rugged, long-duration supply 

that is quickly and easily rechargeable using stan-

dardized connectors and chargers. Additional 

beneficial capabilities might include central logic 

data processing, energy harvesting, and stand-by 

power management.

Prosthetics users desire control that is respon-

sive to their intent. A key design challenge is to 

provide an effectively balanced combination of 

conscious and automated control features. The 

goal is to enable the user to execute behavioral 

V. Tepe et al.
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choices (e.g., position, motion, speed, and trajec-

tory) in real time, unburdened by excessive 

requirements to monitor or adjust variables that 

are critical to comfort, safety, or device attributes 

such as power management. To address the latter 

concern, a number of advanced prosthetic devices 

have already demonstrated the benefits of 

microprocessor- supported control, including 

improved knee flexion, enhanced energy man-

agement, better knee resistance, improved 

smoothness, and symmetry of gait [25, 27, 53, 

55]. As to the need for conscious user control, 

one key objective of the LEGS project was to 

consider state-of-the-possible solutions for 

intent-responsive control.

 Volitional Control

Researchers have explored and continue to 

explore various methods of voluntary control via 

signals recorded from muscular and neural 

sources (see Hargrove [14] in this volume). 

Potential applications have been demonstrated 

using invasive and noninvasive brain machine 

interfaces (BMIs), myoelectric sensors (MES), 

electromyography (EMG), and targeted muscle 

reinnervation (TMR) [6, 15, 16, 47]. In each case, 

technical challenges concern signal recording 

quality, transmission, and signal processing algo-

rithms, additional power requirements, human 

tissue fragility, and the installation of permanent 

electrode arrays. Noninvasive BMIs avoid the 

need for surgical implantation but are relatively 

more vulnerable to recording artifact. Noninvasive 

BMI users must learn to control specific deriva-

tive signal indices such as brain-evoked poten-

tials, specific rhythms, or firing rates.

 Brain-Based Control
Intracranial BMIs have been demonstrated using 

implanted electrode arrays in animal as well as 

human subjects, to achieve real-time control of 

robotic devices via the recording of motor com-

mands from ensemble neuronal activity in the 

motor cortex [2, 21, 45]. Potential applications 

include restoration of motor behavior in patients 

who have suffered loss of function due to brain or 

spinal disease or injury, including amputation. 

Though certainly promising, there are numerous 

biomedical engineering challenges associated 

with the design and implementation of BMI- 

based prosthetics. For example, because it is dif-

ficult to obtain electrically stable recordings with 

appropriate fidelity from large populations of 

neurons in multiple brain areas, implantable 

amplifiers and signal processors must be resis-

tant to electrical noise and artifact [49]. 

Computationally sophisticated but efficient algo-

rithms are necessary to translate neuronal activity 

into command signals that can control prosthetic 

or robotic actuators with multiple degrees of free-

dom. It remains to be seen how or if the brain’s 

own plasticity can be exploited effectively to 

incorporate a prosthetic device into the human 

body’s full neural representation and if the human 

brain can adapt and respond to accept, integrate, 

and directly control an artificial limb. Lebedev 

and colleagues [33, 34] provide thoughtful dis-

cussion of numerous bioengineering problems 

that have yet to be addressed. In addition, there 

are questions surrounding the biocompatibility, 

longevity, and sustainability of chronic brain 

implants. Brain inflammatory responses can 

cause recording failure, and, to ensure stable 

recording, it is necessary to prevent movement or 

migration of an electrode array relative to the 

underlying cortex [51, 54].

A number of clinical trials are underway or 

recently completed to study the use of implanted 

brain-recording devices to achieve “thought” 

control of external assistive devices such as com-

puters, robotics, and virtual reality environments 

by individuals who have suffered spinal cord 

injuries, stroke, or neurodegenerative disease 

(see ClinicalTrials.gov identifiers NCT00912041, 

1 The History and Future of LEGS
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NCT01393444, NCT01958086, NCT01849822, 

NCT01964261, NCT01364480). Where the ulti-

mate goal is to control a prosthetic limb, a signifi-

cant technical question is how best to provide 

proprioceptive feedback to a user whose ability 

to control the prosthetic may otherwise depend 

almost entirely upon constant visual attention to 

the prosthetic [50, 60].

EEG-based control technologies employ scalp 

surface electrodes to record spontaneous changes 

in voltage generated by large populations of 

underlying neurons. EEG can be used to detect 

changes that correspond to specific medical con-

ditions (e.g., seizures, coma) and can be derived 

(averaged) as evoked or event-related potential 

waveforms to identify responses to specific sen-

sory stimuli, changes in attention, or recognition. 

EEG signal recording allows high temporal reso-

lution (milliseconds) and has been applied in a 

variety of settings to support mind-based control 

of fairly simple tasks such as basic cursor control, 

with potential application to prosthetic control 

[11, 31, 32, 36, 41]. However, scalp surface- 

recorded EEG signals are limited by poor cortical 

spatial resolution. Recorded signals represent 

electrical activity coming from large and/or mul-

tiple underlying brain regions; signal quality is 

greatly attenuated by the skull. As a result, EEG 

signal discrimination and processing tend to be 

slow and imprecise. EEG recordings are also 

highly susceptible to contamination by electrical 

artifact from muscle tissue, body movement, 

recording instruments, eye blinks, and the envi-

ronment. EEG electrodes can be uncomfortable 

and are difficult to position on the scalp with 

repeatable precision. Thus, EEG-based control is 

not optimal for applications that involve complex 

sequences, rapid movements, and multiple 

degrees of freedom. Other noninvasive methods 

of recording changes in brain activity associated 

with magnetic field or blood flow, such as magne-

toencephalography (MEG) and functional magnetic 

resonance imaging (fMRI), can eliminate much 

of the signal distortion associated with EEG and 

provide much better signal spatial resolution. 

However, MEG and fMRI recording equipment 

is very large, fragile, vulnerable to motion arti-

fact, and not at all portable as would be necessary 

for use to control ambulation. Limited to research 

and clinical settings, MEG and fMRI may none-

theless be useful in research that aims to identify, 

localize, and characterize motor control signal 

sources and patterns to inform other BMI 

applications.

 Muscle-Based Control
Surface-recorded EMG contains signal compo-

nents from multiple muscle sources. Design fea-

tures and signal processing strategies are needed 

to challenge the inherent limitations of surface- 

recorded EMG and to enhance its utility (e.g., 

[5, 12, 22–24, 44]). To achieve more robust con-

trol of lower limb prostheses, researchers are 

working to develop safe, comfortable implant-

able myoelectric sensor systems that can pro-

vide greater and more precise control via 

wireless connection to the target device (e.g., [1, 

38, 62]). Long-term implantable myoelectric 

sensors (IMES) allow recording of source EMG 

signals, which can be transmitted to a controller 

by wireless telemetry [38, 62]. To date, research 

in this area has focused primarily on the use of 

IMES to control prostheses for upper limbs 

(e.g., [59]).

Targeted muscle reinnervation (TMR) is an 

advanced surgical procedure involving the 

transfer of residual nerves to alternative muscle 

sites. Once the alternative muscle sites are rein-

nervated, they produce EMG signals that can be 

recorded and measured at the skin surface and 

used to control a prosthetic device. In 2012, 

TMR was applied to enable an above-the-knee, 

right leg amputee to climb 103 floors of 

Chicago’s Willis Tower (http://www.npr.org/

V. Tepe et al.
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sections/thetwo-way/2012/11/05/164335844/

amputee-climbs-103-floors-of-chicagos-willis-

tower-using-bionic-leg). Though TMR-based 

control is certainly at the leading edge of voli-

tionally controlled (“bionic”) prosthetic system 

development, additional research is needed to 

provide sensory feedback to the prosthetic limb 

or to the reinnervated muscle. Additional 

degrees of freedom (e.g., via nerve splitting) are 

also needed to provide more independent sig-

nals. These advances are necessary to support 

systems that are responsive to changing terrain 

and can avoid obstacles. If TMR can ultimately 

be combined with advanced tissue replacement/

regeneration technologies, it may become possi-

ble to develop functional, bio-artificial neuro-

muscular junctions (e.g., man-made muscle 

attached to titanium bone).

 Biomaterials and Tissue 
Engineering

Some far-future research and technology devel-

opment objectives could one day revolutionize or 

even obviate the need for prosthetics as they are 

currently defined, designed, and envisioned. 

Advanced medical scientific pursuits in tissue 

engineering, limb transplantation, and limb 

regrowth may eventually allow surgeons to 

replace lost or damaged original limbs with fully 

functional, biomaterial substitutes. Various such 

endeavors are explored in detail elsewhere in this 

volume (see chapters by Gorantla et al. [9] 

Shahinpoor [56]; Muneoka et al. [42]).

Explorations in stem cell research are espe-

cially relevant to bioengineering objectives. For 

example, embryonic, induced pluripotent (iPS) 

and mesenchymal stem cells are under investiga-

tion to restore various types lost or diseased tis-

sue, including limb tissues such as the skin, bone, 

and tendon [40, 42, 46, 63]. Embryonic stem 

cells are especially flexible for use in bioengi-

neering applications; they are easy to expand in 

culture and can be differentiated to any cell type 

[30]. However, it is a challenge to direct and sus-

tain stem cell differentiation, and it can be diffi-

cult to predict how stem cells will behave after 

they are transplanted. Undifferentiated stem cells 

can give rise to malignant transformation, which 

must be suppressed. Much additional research is 

needed to specify signaling proteins, matrix 

chemicals, and molecules needed to overcome 

various difficulties. Although similar technical 

challenges are raised by the use of iPS cells, this 

approach is less controversial because the cells 

are derived from adult body tissues rather than 

human embryos. In principle, iPS cells can be 

harvested directly from the patient. In an original 

demonstration that connective tissue cells could 

be differentiated into other tissue types in three 

dimensions, Sommar et al. [57] successfully 

cultured connective tissue cells from human skin 

in vitro to create cartilage, bone, and vascular 

endothelium.

 Other Requirements

Additional challenges to achieving the envi-

sioned LEGS system do not require new or 

improved technology itself but rather the press-

ing need for improved access to existing tech-

nology. Chief among these requirements is the 

need for interchangeable component configura-

tions and platforms that provide open source, 

innovative, standardized communication with 

one another via sensors and actuators. Open 

source innovations are not entirely incompatible 

with proprietary interests. For example, open 

application programming interfaces (APIs) can 

be exposed without revealing their underlying 

code, to allow programming for component 

communication without violating proprietary 

protections. However, a current lack of shared 

standards in the prosthetics industry slows progress 

1 The History and Future of LEGS
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toward the development of fully integrated sys-

tems with interchangeable componentry. The 

Open Prosthetics Project (openprosthetics.org) 

attempts to overcome this challenge by support-

ing open source collaboration among users, 

designers, and research funders. The objective is 

to accelerate innovation and promote free shar-

ing of new designs.

The need for open source standards was raised 

repeatedly by LEGS project participants, who 

recognized generally that progress on this point 

is limited only by the willingness of the pros-

thetic development and manufacturing commu-

nity itself. When proprietary objections are 

resolved, it will be possible to overcome current 

barriers to the system-of-systems approach that is 

crucial to achieve and advance fully integrated 

and advanced prosthetic systems. Open standards 

are needed for power, data, physical, and network 

component connections.

As a starting point, the prosthetic device com-

munity could develop and demonstrate an open 

source system simply for the purpose of gather-

ing aggregate outcome data (e.g., usage, event 

detection, long-term monitoring) from various 

individual prosthetic systems, sensors, and com-

ponent technologies. A centralized data reposi-

tory would also be needed to provide access to 

the collected data and to enable outcome-based 

research aimed at improving system safety, reli-

ability, and faster regulatory review to the benefit 

of all concerned. This would also help meet the 

need for data and information exchange between 

experts in medicine, industry, academe, and the 

military.

Participants in the LEGS project meetings 

also identified the need for more and improved 

training and awareness to benefit practitioners as 

well as their patients. As advanced solutions and 

capabilities develop rapidly, even those who 

work and are served in dedicated facilities may 

be unaware of emerging technologies. More pro-

active efforts are needed to provide continuing 

education and outreach to those who provide 

prosthetic services and to patients who need the 

best available, most advanced and emerging 

solutions. LEGS project participants suggested 

holding annual training events, for example, to 

align with annual professional meetings (e.g., 

American Academy of Orthotists and 

Prosthetists/AAOP), as well as centralized train-

ing at major military medical centers (e.g., 

Walter Reed National Military Medical Center/

WRNNMC).

Although regulatory processes are certainly 

necessary to ensure safety, liability, and fiscal 

responsibility, they sometimes have unintended, 

unanticipated, and discouraging effects on 

research and development. Participants in the 

LEGS meetings considered that best outcomes 

are rarely driven by policies and practices defined 

in isolation by a single organization or interest. 

Rather, policy better supports and represents all 

relevant objectives, concerns, and perspectives 

when it is developed as a coordinated effort 

involving all relevant stakeholders. Where the 

goal is to create an affordable, capable, safe, and 

effective prosthetic system such as that envisioned 

by LEGS, policy development should allow par-

ticipation of relevant government entities, 

researchers, industry representatives, clinicians, 

insurers, and – arguably most important – pros-

thetics users who can by their own experience 

speak directly to the health concerns, practical 

needs, and functional priorities of those who rely 

on advanced prosthetic technologies.

One regulatory response to these concerns has 

been the FDA’s recent revision of its Investigational 

Device Exemptions (IDE) guidance (http://www.

fda.gov/MedicalDevices/DeviceRegulation 

andGuidance/HowtoMarketYourDevice/Investi-

gationalDeviceExemptionIDE/ucm162453.htm). 

The provisions of the FDA’s IDE regulation assign 

responsibilities to all participants in clinical inves-

tigation and exempt consumer preference testing 

of a modification or of a combination of devices. 

V. Tepe et al.
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When combined with Early Feasibility Studies 

(usually involving 15 or fewer subjects) and the 

FDA’s Expedited Access Pathway (EAP) program 

(FDA involvement through the collaborative cre-

ation of a “Data Development Plan”), the FDA 

hopes to “facilitate timely access to medical 

devices by expediting their development, assess-

ment, and review, while preserving our statutory 

standards for safety and effectiveness and pro-

tecting patients” (http://www.fda.gov/downloads/

medicaldevices/deviceregulationandguidance/

guidancedocuments/ucm393978.pdf).

 Conclusion

In May of 2016, two veterans wounded by road-

side bombs in Iraq and Afghanistan made history 

and inspired fellow wounded warriors as they 

made their way into thin air toward the 29,029-ft 

summit of Mount Everest. Former Marine Staff 

Sergeant Thomas Charles “Charlie” Linville and 

former Army reservist Chad Jukes (Fig. 1.1) 

both wore lower limb prostheses and took the 

route less traveled, along the northern, Chinese 

side of the mountain. Although the two combat 

amputees belonged to different expedition teams 

sponsored by different veterans’ organizations, 

they met during the climb. Linville and Jukes 

had to avoid all of the same dangers that threaten 

other climbers, while taking care to mitigate 

potentially more severe consequences. For 

example, reduced blood flow to an amputee’s 

stump introduces an increased risk for frostbite. 

But for wounded warriors Linville and Jukes, it 

is not enough to overcome the challenges of 

daily life as an amputee. They challenged 

 themselves to extreme adverse conditions, 

including raging winds and the “death zone” 

above 26,000 ft.

The many ordinary and extraordinary accom-

plishments of wounded warriors bring into sharp 

focus the original vision of the LEGS project as 

part of TATRC’s commitment to “cultivate great 

ideas” and the exploration of new concepts [10]. 

This volume was developed not simply to capture 

the current state of the art but to inspire continued 

development toward the state of the possible as 

Fig. 1.1 Chad Jukes is pictured climbing ice at advanced basecamp (6,400 m) on Mount Everest. Photograph courtesy 

of Dr. David Ohlson (daveohlson.com)

1 The History and Future of LEGS
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envisioned by LEGS. For those who will engage 

prosthetic technology challenges yet to be over-

come, this book provides a benchmark for today’s 

state of the science and identifies current gaps in 

knowledge, materials, technology, and access. 

The “great idea” envisioned by LEGS was and is 

a human-centric adaptive and assistive powered 

system design that is customizable and inter-

changeable, with interoperable components to 

restore volitionally controlled ambulatory func-

tion. Driven by great ideas, science, engineering, 

and development of advanced technology are, by 

necessity, iterative processes that require invest-

ment, intellectual freedom, and dogged determi-

nation to continue climbing, sometimes against 

all odds through the thin air of institutional and 

proprietary barriers.

Originally wounded in 2011, Charlie Linville 

reached the summit of Mount Everest just 5 years 

later on May 19, 2016. Chad Jukes, wounded in 

2005, arrived at the Mount Everest summit on 

May 24, 2016. Both climbers have expressed that 

they want their efforts to benefit veterans and 

promote physical and psychological healing of 

the wounds of war. Though humbled by their 

achievements, we share their desire. We imagine, 

for example, how future mountain climbers might 

benefit by the development of LEGS-inspired 

prosthetics with assistive power, better agility, 

just-in-time on-the-spot adjustment and correc-

tion, and unlimited volitional control. We hope 

this book provides essential knowledge, perspec-

tive, and a creative blueprint that will inspire 

medical scientists and bioengineers to progress 

toward such a vision and toward ever more 

advanced prosthetic solutions.

Disclaimer The views expressed here are the 

authors’ own and do not necessarily reflect the 

views, policies, or positions of the Department of 

Defense, the US Government, or employers.
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