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Summary

Litter transport is a standard procedure for initial casualty evacuation from the point of
injury to the medical aid or pickup zone and is generally done on foot. The process of litter
transport consists of either a two- or four-person team carrying a casualty over a long distance or
carrying multiple casualties over a short distance. A litter team may transport a single casualty
from a remote location, occurring over hours while stopping to provide critical care or protect
themselves and the casualty from enemy fire. Litter teams can carry a single patient only a few
hundred meters over rough terrain before needing to rest. Mass casualty evacuations may occur
following a plane crash or improvised explosive device event.

Like transporting standard military loads, such as weapons and equipment, transporting
patients using a litter can be physically demanding for Service Members (SMs). During the
evacuation, the litter team may be required to provide critical care while actively engaging in
combat to protect themselves and the patient. In anticipation of a future fight with near-peer
adversaries, improving the physical abilities of an SM and limiting impediments are of high
priority. During multi-domain operations (MDO), the anticipated number of casualties along
with the anticipated periods and areas of denial by near-peer competitors highlight the criticality
and potential demand of effective and efficient dismounted litter transport.

Additionally, musculoskeletal disorders can develop over time due to frequent, repetitive,
or extended litter transport scenarios. Furthermore, the onset and severity of such disorders,
injuries, or diseases could affect an SM’s career and retention. A straightforward approach to the
dilemma of litter bearer fatigue may be to develop technology to lessen the physical demands on
the litter bearer.

Using an assistive device (e.g., harness or exoskeleton) during litter transport would
decrease fatigue and increase the litter bearer’s ability to carry the litter, provide critical care, and
sustain SM tasks. Additionally, an assistive device has the potential to not only improve combat
performance following litter carry but also improve evacuation times of the injured. Exoskeleton
use may also decrease the necessity of a four-person team to a two-person team. Currently, no
assistive devices are integrated into the standard Military Equipment Set or litter carriage
procedures, and there are no standards for evaluating the efficacy of any device to be considered.
Although a plethora of exoskeleton research for military applications is being tested against
standard lifting and carrying tasks, exoskeleton research for military patient transport scenarios is
lacking.

Ongoing work at the U.S. Army Aeromedical Research Laboratory (USAARL) compares
the effects of using an assistive device to not using during a simulated prolonged litter transport
scenario to develop a standardized evaluation of assistive devices for litter transport. The lack of
an adaptable exoskeleton for use in this effort further highlights the research gaps in the design
and development of exoskeleton devices for military litter and patient transport scenarios.

The USAARL conducted a comprehensive review of the state of exoskeleton research to
determine essential preliminary design considerations and provide initial recommendations for
exoskeleton technology specifically focused on improving or enhancing dismounted military
casualty transport scenarios. This comprehensive literature review identified six crucial design
factors and specifications that must be considered for exoskeleton feasibility, suitability, and



efficacy in augmenting to assist the user with litter carriage. These factors are (1) internal and
external design, (2) personal protective equipment and evacuation duties, (3) load effects, (4)
dynamic movement and environment durability, (5) storage, transport, and deployment, and (6)
safety and reliability. This work also provides essential recommendations for developing
successful exoskeleton devices to augment or enhance human motion or physical activity of SMs
during dismounted litter load carriage tasks. This work is the first of its kind and is a critical
foundational approach toward the development and future deployment of devices with the
potential to reduce the negative impacts of frequent, repetitive, or extended casualty transport
using a litter.

Future work will examine applicable exoskeleton designs, prototypes, and devices to
determine whether they are suitable or adaptable for use in litter transport scenarios with follow-
up human subject research studies to assess and evaluate the efficacy and feasibility of the
proposed devices. These data will aid in establishing a standard to evaluate the efficacy and
feasibility of assistive devices to be considered for selection and integration into the standard
Military Equipment Set for litter transport procedures.
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Introduction

During the Civil War, it was determined that there was not a clear and organized system to
quickly remove injured Service Members (SMs) from the battlefield; this awareness led to the
development of a litter for casualty transport, which has since served as an essential combat
casualty care device in the United States military (Reilly, 2016). Litter transport is a standard
procedure for initial casualty evacuation from the point of injury to the medical aid or pickup zone,
generally done on foot. The process of litter transport consists of either a two-person or four-person
team carrying a casualty during two common scenarios: carrying a single casualty over a long
distance or carrying multiple casualties over a short distance (Rice et al., 1996a, 1996D).

Though there have been improvements in transporting casualties from the battlefield, during
the Afghanistan and Iraq conflicts it is estimated that 87% of the combat casualties that died did so
during one of the many types of transport to a higher care facility (Eastridge et al., 2012; Kotwal et
al., 2018). Factors while in transport that can negatively affect the quality of combat casualty care
and increase the transport phase include the security of the casualty and litter bearers, environmental
factors (e.g., temperature and terrain), initial time care could be started, and the distance traveled.
These factors have a pronounced effect on the comfort and survivability of the injured SM;
however, the battle readiness of the litter bearers during or after litter transport is often overlooked.
Similar to transporting standard military loads, such as weapons and equipment, transporting
patients using a litter can be physically demanding for SMs. Commonly experienced post-carry
symptoms include shortness of breath, rapid heartbeat, dry mouth, hand trembling,
hand/arm/shoulder aches, backaches, and muscle tightness or stiffness (Rice et al., 1996a).
Immediately following litter carry, SMs experience reductions in shooting accuracy and hand-grip
force (Tharion et al., 1993; Rice et al., 1996a; Rice et al., 1996b; Leyk et al., 2006). During the
evacuation, the litter team may be required to provide critical care while also actively engaging in
combat to protect themselves and the patient, which creates another level of risk if team members’
shooting accuracy and grip strength are reduced. Such detriments can impede an SM’s ability to
provide the necessary care to a casualty during prolonged field care situations. Additionally,
musculoskeletal disorders can develop over time due to frequent, repetitive, or extended litter
transport scenarios; the onset and severity of such disorders, injuries, or diseases negatively impact
the retention of SMs (Wilson, 2006). In anticipation of a future fight with near-peer adversaries,
improving the physical abilities of an SM and limiting impediments are of high priority.

To mitigate the physical impact of litter transport, the current Army Medical Evacuation
Army Techniques Publication (Department of the Army [DA], 2019) recommends frequently
resting by using secure, covered evacuation routes, a shuttle system to reduce the transport distance
for each team, and alternating litter team members to reduce fatigue. Furthermore, the guidance
states the need for “close coordination between Role 2 medical treatment facilities and battalion aid
stations to establish casualty collection and ambulance exchange points in areas where rough terrain
prohibits air or ground medical evacuation. This coordination is to reduce the distance traveled and
evacuation time as well as conserve personnel.” Even with these recommendations made by the
Army Medical Evacuation Army Techniques Publication, they may not be enough to help alleviate
the eventual muscular fatigue, especially during evacuations that are expected to be over an
extended distance as anticipated in future multi-domain operations (MDOs).



An alternative approach to the obstacle of litter bearer fatigue is to develop technology that
lessens physical demands on the litter bearer. Using an assistive device, such as a harness or
exoskeleton, can shift the litter load to larger muscle groups in the body, decreasing the grip force
needed by an individual during litter transport. Introducing such devices to litter transport could
decrease fatigue and increase the litter bearer’s ability to carry the load, provide critical care, and
sustain SM tasks. An assistive device has the potential to not only improve combat performance
following litter carry but also improve evacuation times of injured SMs. However, there currently
are no assistive devices integrated into the standard Military Equipment Set or litter transport
procedures, and there are no standards for evaluating the efficacy of assistive devices to be
considered.

Exoskeletons are an assistive device to be considered for use in litter transport. Exoskeletons
(i.e., wearable robots, wearable augmentation devices, or human augmentation systems [Crowell et
al., 2018]) are wearable devices typically developed for rehabilitation, assistive, and augmentation
purposes (de la Tejera et al., 2020). Rehabilitation and assistive exoskeletons provide aid to people
suffering from chronic or acute disabilities, while augmentation exoskeletons enhance the power
output of healthy individuals during heavy load-carrying tasks (Kalita et al., 2021) and are primarily
designed for use by SMs or laborers.

Exoskeletons are being developed to augment human strength for handling heavy materials
in unstructured environments, address military tasks in narrow spaces, increase marksmanship
(Baechle, 2013), and rescue victims from disaster situations (Marcheschi, 2011). Employing
exoskeletons to enhance human capabilities and prevent injury is also becoming more integrated
into dismounted military tasks. Litter transport meets the intended application of such performance-
based exoskeletons, which may decrease fatigue and increase the SM’s ability to carry the litter,
provide care, and maintain lethality. Furthermore, exoskeletons may decrease the need for a four-
person litter transport team down to a safe two-person team; thus, decreasing the manning need for
this particular task and freeing those hands for other duties. In addition to improving the physical
performance of SMs, exoskeletons could improve cognitive performance (Mudie et al., 2018).
Cognitive performance is an important factor to help ascertain how well an SM can focus on the
current task with limited working memory while also determining their ability to deal with other
mental and physical factors (Kirschner, 2002). During en route care, a litter bearer may experience
decreased response time and accuracy in anticipated combat after exhaustion caused by the
fatiguing factors derived from carrying a litter over rough terrain for a lengthy period. Litter
carriage procedures subject the SM to heavy loads along small muscle groups, leading to rapid
muscular fatigue (Conti et al., 2020). An exoskeleton may improve these characteristics by reducing
the negative impacts of load carriage. Although there is a plethora of exoskeleton research for
military applications being tested against standard lifting and carrying tasks, exoskeleton research
for military patient transport scenarios is scarce.

Ongoing research at the U.S. Army Aeromedical Research Laboratory (USAARL) is
focused on investigating the benefits of assistive devices in dismounted casualty transport to
maintain and optimize SM lethality and readiness. This report is a foundational step in addressing
the lack of exoskeleton technology applicable to dismounted casualty transport. Though it is not a
comprehensive review of all exoskeletons, this report examines the current state of knowledge on
relevant performance-enhancing exoskeletons to develop specifications, considerations, and
recommendations for designs that can improve or enhance dismounted military casualty transport
scenarios.



Exoskeleton Overview

The origins of exoskeleton research can be traced to 1965 with the development of the
Hardiman exoskeleton (Fick & Makinson, 1971). The research contract for this exoskeleton was
initiated as a joint effort between the U.S. Army, the U.S. Navy, and the General Electric Company
(Boston, MA). A prototype for the Hardiman exoskeleton was produced in 1971 and resulted in
significant technological advances that paved the way for exoskeleton research as we know it today
(Fick & Makinson, 1971). Progress was minimal until the 1990s, which brought advances in
material science. Developments in micro-electronics and wearable robotics were not seen until the
2000s (Fox et al., 2020). Detailed analysis of the technologies needed for designing exoskeletons
for dismounted Warfighters began in the 1990s by researchers from the Human Engineering
Laboratory, the Materials Technology Laboratory and the Harry Diamond Laboratories (Crowell et
al., 2019). In 2000, the Department of Defense’s (DoD) Defense Advanced Research Projects
Agency (DARPA) established the Exoskeletons for Human Performance Augmentation program to
enhance and augment the capabilities of the dismounted Warfighter (Crowell et al., 2019).

External Design Characteristics and Classifications

When designing exoskeletons, there are four major external design considerations: active or
passive, tethered or untethered, rigid or soft, and whole-body or regional. Active exoskeletons use
an external energy source (i.e., batteries) to supply power to actuators and move the segments of the
system (Crowell et al., 2018; Del Ferraro et al., 2020). Active exoskeletons are likely more popular
than passive exoskeletons because they allow the developer to apply any generic torque-time profile
(Sawicki et al., 2020). However, active exoskeletons are usually heavier, bulkier, and require a large
power source (Bogue, 2015; Sawicki et al., 2020). Unfortunately, few power supply sources can
provide sufficient long-lasting energy needed for military operations (Bogue, 2015). Passive
exoskeletons use the energy obtained and stored during human movement through springs, elastic
elements, or dampers to augment or assist the user (Crowell et al., 2018; Del Ferraro et al., 2020).
While these devices may provide benefit to the lower extremities during active walking, they are
not capable of providing constant load support to the upper extremities as needed in litter casualty
transport to counter grip fatigue.

Active exoskeletons may be tethered or untethered. Tethered exoskeletons must remain
connected or secured to a power source to be operational, whereas untethered exoskeletons are
portable systems (Crowell et al., 2018). Despite their lack of portability, tethered exoskeletons have
also increased the human energy economy. Witte et al. (2020) saw an improvement in the energy
economy of human running when using a human-in-loop optimization process for the system’s
torque parameters; however, Sawicki et al. (2020) found that tethered systems have not been able to
improve the walking and running economy greater than the autonomous, untethered system.
Untethered exoskeletons have led to an 8-15% decrease in the energy cost of loaded walking and a
4% decrease during running (Mudie et al., 2021). The drawback to an untethered exoskeleton is
their reliance on a mobile power source (e.g., battery) which has frequent charging requirements
and a short time of use, typically less than one working day.

Rigid exoskeletons are comprised of rigid materials and structures, while soft, non-rigid
exoskeletons (also called exosuits) are comprised of elastic, sleeve-like material. Lifting a litter off
the ground and carrying the patient, even over short distances, can be extremely strenuous for the
bearer leading to muscle fatigue (Conti et al., 2020). Non-rigid exoskeletons are not typically used
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for load bearing; therefore, a rigid exoskeleton would be preferred for litter carriage. Conversely,
available rigid exoskeletons are limiting in normal range of motion and do not allow for moving the
extended distances needed in litter carriage.

Exoskeletons are designed to be either whole-body or regional. Whole-body exoskeletons
are designed to support many of the major joints in the body. Table B1 (Appendix B) lists examples
of commercially available and prototype whole-body exoskeletons. Regional exoskeletons support
either the upper or lower extremities and can be either single- or multi-joint exoskeletons. Upper
extremity exoskeletons augment or support the shoulder, elbow, wrist, or hand (Gull et al., 2020);
Table C1 (Appendix C) provides selected examples of these types of devices. Lower extremity
exoskeletons provide stability and support to the trunk, hip, knee, ankle, or foot (Kalita et al., 2021).
Examples of lower extremity exoskeleton devices are provided in Tables C2-C3 (Appendix C).
Single joint exoskeletons provide stability or support to a specific joint in the upper or lower
extremity. Multi-joint exoskeletons may be designed to provide stability or support to one or more
joints in the extremity.

Internal Design Characteristics and Classifications

The major internal design considerations for exoskeletons are actuators and control system
strategies. Three common types of actuators in exoskeletons are electric actuators, hydraulic
actuators, and pneumatic actuators (Kalita et al., 2021). Electric actuators are commonly used
because they can produce large torques for precise movements (Kalita et al., 2021). Hydraulic
actuators were more commonly used in the early days of exoskeleton research but are rarely used
currently due to their heavy weight, high impedance, and lack of reliability when fluid leaks occur
(Kalita et al., 2021). Pneumatic actuators are prevalent because they are lighter than hydraulic and
electric actuators (Kalita et al., 2021). Spring et al. (2012) leveraged the advantages of pneumatic
actuators by developing a quasi-passive exoskeleton with a hybrid actuation technique. This
technique combines two or more types of actuations and is called the knee extension assist (KEA)
exoskeleton. The KEA device combines a passive component (i.e., a spring) with a pneumatic
actuator. Another type of pneumatic actuator is pneumatic artificial muscles (PAMs). These
actuators are popular because their performance is similar to biological muscles (Nascimento et al.,
2008). PAMs have been previously used in a hip exoskeleton by Nascimento et al. (2008) and an
ankle exoskeleton by Choi et al. (2020). A new hand exoskeleton that uses a series of elastic
actuators to allow for control of each finger has been researched (Refour et al., 2019). Refour et al.
(2019) reported that the hand exoskeleton could produce more than 20 Newtons (N) per finger,
compared to an average 20-39-year-old male’s full grip strength averaging around 55-58 N (Nilsen
etal., 2012).

According to Kalita et al. (2021), many types of control system strategies exist for
exoskeletons. Control systems require methods to find optimal parameters as inputs into the system.
Model-based stability control, adaptive oscillator-based control, sensitivity magnification control,
hybrid-assisted control, and proportional electromyography-based control are a few examples of
different control system techniques used for exoskeleton research (Kalita et al., 2021). One of the
significant limitations of control systems is that they are currently limited to using historical sensor
data, which may introduce slight delays in the system (Mudie et al., 2021). Mudie et al. (2021)
postulate that slight delays can be dangerous during unexpected events or abrupt changes in
movement patterns. Researchers are aware of the downsides of current control systems and are still
developing new control systems strategies. The parameter tuning method by Lee et al. (2018)
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generated a wide range of subject-specific profiles to allow for subject-specific control parameters
for different users. Yang et al. (2021) presented a hybrid oscillator control strategy that was
effective at compensating for controller delays during irregular gait patterns. Delayed compensation
ranged from 200 to 400 milliseconds (ms). Proper control system strategies can improve the
effectiveness, accuracy, and comfortability of exoskeletons (Kalita et al., 2021).

Exoskeleton Research Focused on Load Carriage in Dismounted Military Operational
Scenarios

The most prevalent type of exoskeletons in development or commercially available currently
assist or augment the user during physically demanding load-carrying tasks (Proud et al., 2020).
During a load-carrying task, an external object (e.g., weaponry or equipment) is lifted and
combination actions such as lifting and holding, lifting and carrying (short distances), or lifting-
carrying-lifting tasks are executed by the exoskeleton (Lo et al., 2020). Load-carrying tasks
performed by dismounted SMs have been linked to an increased risk of musculoskeletal injury (Lo
et al., 2020; Roy et al., 2012; Seay, 2015), reductions in situational awareness (Lim et al., 2017),
and reductions in shooting accuracy (Hadid et al., 2017; Jaworski et al., 2015). Seay (2015)
reviewed the literature investigating the relationship between load carriage and the risk of
musculoskeletal injury and found that as the loads carried by SMs have increased, so has the
incidence of musculoskeletal injuries. Similar to Seay (2015), Lo et al. (2020) and Roy et al. (2012)
found a high incidence of musculoskeletal injuries amongst SMs. Lo et al. (2020) reviewed the
literature, whereas Roy et al. (2012) performed a retrospective cohort study collecting survey data.
Lo et al. (2020) found lifting to be one of the most common physically demanding tasks completed
by SMs, making up about 62.9% of the tasks performed. Of the lifting tasks (62.9%), 40.8%
involved lifting and carrying (Lo et al., 2020).

Due to the harmful and fatiguing effects of load-carrying, exoskeleton research for military
dismounted load-carrying applications is a highly researched area. Extensive literature reviews and
human subject assessment data collections have been conducted to evaluate exoskeleton suitability
for use in military load-carrying applications to reduce fatigue as well as improve physical and
cognitive performance (e.g., Gregorczyk et al., 2010; Rupal et al., 2017; Crowell et al., 2018; Mudie
et al., 2018; Crowell et al., 2019; Bequette et al., 2020 Gruevski et al., 2020; Proud et al., 2020;
Sawicki et al., 2020; and Murugan, 2021). Rupal et al. (2017) reviewed current exoskeletons and
evaluated the technological developments needed for the suits to be used to their fullest potential.
Such needs included the wearer’s comfort, a range of motion like human physiology, adaptability,
and easy integration. Crowell et al. (2019) extensively reviewed the design, evaluation, and research
challenges with exoskeletons for military load carriage applications. Proud et al. (2020) primarily
reviewed active exoskeletons for load-carrying tasks.

Gruevski et al. (2020) investigated the influence of the Ultralight Passive Ruggedized
Integrated Soldier Exoskeleton (UPRISE) Gen 3.0 passive exoskeleton (Mawashi Science and
Technology, Quebec, Canada) on the load-carrying performance of two Canadian male SMs. The
SMs completed the Canadian Load Effects Assessment Program (Can-LEAP) obstacle course
wearing Full Fighting Order (FFO) with and without the assistance of the UPRISE Gen 3.0 passive
exoskeleton to compare their mission effectiveness. FFO has a total mass of 23 kilograms (kg) and
is comprised of a combat shirt, trousers, boots, fragmentation vest, tactical vest, helmet, and the
C7AZ2 rifle (Gruevski et al., 2020). The Can-LEAP completion times increased for tasks with
confined spaces when wearing the exoskeleton, whereas completion times for running tasks were
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similar with and without the exoskeleton. Bequette (2020) found comparable results when assessing
the effects of a lower-body exoskeleton on physical and cognitive performance; such measurements
included visual misses, visual reaction time, audio misses, audio reaction time, and incremental lag
time. Bequette et al. (2020) reported that subjects had more difficulty with the step-over obstacles
when using an exoskeleton while carrying either a 19.1-kg or 36.3-kg load. Some participants rated
all obstacle tasks as more difficult when wearing the exoskeleton compared to not wearing it.
However, unlike Gruevski et al. (2020), Bequette et al. (2020) used an active exoskeleton.
Nonetheless, the findings from Gruevski et al. (2020) and Bequette et al. (2020) are important to
consider when designing exoskeletons. The exoskeleton should not interfere with any of the
common tasks and movements performed by SMs.

Gregorczyk et al. (2010) determined the metabolic costs of using an exoskeleton prototype
while carrying three different loads (20 kg, 40 kg, and 55 kg) in a study population of nine male
U.S. Army infantry SMs. The authors found that wearing the exoskeleton significantly increased
metabolic costs, through higher VO2 max scores (scaled to body mass and scaled to total mass by
60% and 41%, respectively) and increased participant stride width. Similarly, participants in a study
by Bequette et al. (2020) felt like they exerted more energy completing a step-over obstacle with the
powered exoskeleton as compared to without it. Unlike Gregorczyk et al. (2010), Bequette et al.
(2020) relied on subjective feedback instead of measuring energy expenditure. Literature findings
also report the load’s magnitude may substantially influence performance more than exoskeletons
when used outside their intended purpose (Li et al., 2018). In a review by Fox et al. (2020), the
authors found that exoskeletons may have the unintended negative effects of transferring
unexpected loads to different parts of the user’s body, decreasing productivity.

Using exoskeletons to offset the loads during load-carry tasks has the potential to increase
performance without overburdening the wearer with metabolic costs. As a result, companies such as
Lockheed Martin (Bethesda, MD) and Raytheon Technologies (Waltham, MA) are developing
exoskeletons to enhance the capabilities of SMs. The Onyx (Table C2, Appendix C) is a lower
extremity exoskeleton developed by Lockheed Martin to assist SMs, workers, and first responders
by providing strength and endurance during strenuous tasks (Lockheed Martin, 2022b). Lockheed
Martin claims that the Onyx enforces orthopedic alignment of the joints, which can distribute
weight more evenly and decrease the risk of overuse injuries. However, no scientific research
articles have been published evaluating these claims. Raytheon Technologies XOS 2 (Table B1,
Appendix B) is the second generation of Sarcos XOS developed for the U.S. Army (Army
Technology, 2020). The XOS 2 is a whole-body, rigid exoskeleton powered by an internal
combustion hydraulics engine. Unlike the Onyx, the XOS 2 requires a tethered connection to the
power source.

While exoskeleton research for military dismounted applications has been highly researched,
the reviews, assessments, and device designs have not focused on scenarios involving dismounted
SMs carrying heavy loads such as equipment or weaponry on their backs. Ongoing work at
USAARL compares the effects of ‘using’ versus ‘not using’ an assistive device during a prolonged
simulated litter transport scenario to develop a standard evaluation of assistive devices for litter
transport. Out of the commercially available products, the FORTIS exoskeleton (Lockheed Martin,
Bethesda, MD) was initially planned for use in this laboratory-based human subject volunteer study
(Table C2, Appendix C). The exoskeleton was the closest to being able to suit the needs of the
project. It was hypothesized that the FORTIS exoskeleton, a passive lower extremity exoskeleton
with trunk support and its connecting tool arm attachment, would increase productivity and reduce
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muscle fatigue caused by litter carriage. However, the device was designed for static load carriage
and therefore was not compatible with the dynamic movements required for the study design. All
devices on the market cannot currently accommodate prolonged dynamic movements in
combination with load bearing capabilities necessary for patient transport. This necessity for grip
strength augmentation and continual dynamic movements was a major limitation within current
exoskeleton designs and resulted in the use of alternative assistive devices in the study. The lack of
an available adaptable exoskeleton for this research effort further highlights the need to develop
exoskeletons for military litter transport scenarios. The design requirements of such an exoskeleton
remain a research gap that must be addressed.

Exoskeleton Design Considerations for Military Transport and Casualty Evacuation
Scenarios

The Army Tactics Techniques and Procedures for casualty evacuation via litter must first be
understood to identify exoskeleton design considerations for military transport applications. Two
common scenarios occur when evacuating casualties: carrying a single casualty over a long distance
or carrying multiple casualties over a short distance due to a need for a facility with a higher acuity
of care (Rice et al., 1996a, 1996b). A litter team may transport a single casualty from a remote
location, which can take hours and involve stopping to provide critical care or protect themselves
and the casualty from enemy fire. Litter teams can carry a single patient only a few hundred meters
over rough terrain before needing to rest. Medical evacuations involving MDOs may occur
following a plane crash or improvised explosive device event. In the case of an evacuation event
due to frontline injuries, the casualties may be evacuated from a remote location; the terrain and
distance may cause difficulties initially for the carrier evacuating the casualty while remaining
undetected. When transporting multiple casualties over a short distance, the location may not be
remote, such as moving between temporarily deployed hospitals, a level one trauma center or any
other facility with a higher acuity of care. In addition to patient transport, once exoskeleton
technology is augmented for dismounted use, these suits may become multipurposed to assist in the
mobilization and take-down of these temporary hospital theatres.

The method of carrying used in transporting a litter patient depends upon the type of terrain
and obstacles involved. As outlined in Army Techniques Publication 4-02.13 (DA, 2021), litter
bearers are normally grouped into squads of four to evacuate a casualty (Figure 1A). Litter
evacuations involving four bearers (“four-man carry”) are used for smooth, level terrain. Casualties
are usually carried feet first, and the litter team leader is stationed at the handle nearest the
casualty’s right shoulder. The remaining three litter bearers then move to a handle, facing the same
direction as the leader. The team kneels on the knee closest to the litter, then upon command, the
team stands and lifts the litter in unison, moving the casualty to an aid station or collection point
(DA, 2021). In circumstances where personnel are limited or four-person teams are not possible due
to terrain (e.g., narrow passages such as trails, bridges, catwalks, etc.), two-person teams transport
the litter (Figure 1B).
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Figure 1. Litter evacuations involving four-person (A) or two-person (B) teams. (Defense Imagery
Management Operations Center, n.d.)

Both carry styles are equally exhausting and can result in soreness, pain, and discomfort in
the lower arms, shoulder, chest, upper back, and legs. Despite a lack of research on using
exoskeletons for patient transport, research has been done on the effects of using harnesses to assist
during patient transport scenarios. Rice et al. (1996a) saw participants carry the litter for longer
while using a harness in single casualty scenarios. The participants completed the carries with lower
heart rates and less fatigue in their forearms and hands. However, the authors also reported
increased perceived exertion post-carry with the harness compared to without it. For a mass
evacuation scenario, Rice et al. (1996b) reported that using the harness increased the time it took
participants to pick up the litter. The authors saw the usefulness of the harness vary for male versus
female teams. The male teams completed a smaller number of carries with the harness, whereas the
female teams had no significant difference in the number of carries completed. Furthermore, using
the harness allowed female teams to carry the litter as fast as the male teams under comparable
conditions. Based on these data, patient transport scenarios, team size, and litter bearer size should
be considered when designing exoskeletons. Exoskeletons should augment the user during long-
distance and short-distance transports regardless of team size and litter bearer size.

Similar to Rice et al. (1996a, 1996b), Leyk et al. (2006) also studied the effects of litter
transport but focused on hand steadiness and hand grip strength following litter carry. The work
reported that while hand steadiness recovered less than 30 minutes after an exhaustive litter carry,
hand-grip strength took over 24 hours to recover (Leyk et al., 2006). Loss of hand steadiness and
strength puts litter teams and the casualty at greater risk during evacuation. Hand steadiness and
hand-grip strength should be measured when evaluating exoskeletons for patient transport and any
changes in marksmanship. Designers and researchers should minimize the recovery time for hand-
grip strength for litter teams.

Based on the roles, duties, and requirements of SMs who have been tasked with dismounted
military transport or casualty evacuation scenarios that involve the use of a litter, there are six
important design factors and specifications that must be considered for exoskeleton feasibility,
suitability, and efficacy in augmenting assisting the user with litter carriage. These factors are (1)
internal and external design, (2) personal protective equipment and evacuation duties, (3) load
effects, (4) dynamic movement and environment durability, (5) storage, transport, and deployment,
and (6) safety and reliability.



Internal and External Exoskeleton Design

The materials used to make the exoskeleton should not inhibit the transport of patients. The
materials should also be durable enough to protect the actuators, the power supply, and any internal
system housed within the exoskeleton from dust, dirt, debris, or sharp objects. Combining soft and
rigid materials when designing an exoskeleton may allow designers to leverage the advantage of a
durable rigid design with the flexibility and lightness of a soft exosuit design. The comfort limits of
the elastic, compressive materials used in exosuits should be considered. Another consideration is
the vast anthropometric variances among SMs. Exoskeletons must be capable of fitting almost all
body types within the SM population so that no mission is hindered by anthropometric determinants
(Gordon et al., 2014). Mudie et al. (2021) identified the inability of current exoskeleton
technologies to adapt to the user as a major limitation. If using soft components in the exoskeleton
design, the compressive pressures and size of the compressive material should be considered and
not cause discomfort or loss of circulation to the body region it encompasses. Kermavnar et al.
(2020) reported thresholds for mean inflation pressures for circumferential cuffs attached around the
thigh and calf to be approximately 54.9-59.6 kilopascal (kPa) and 56.0-60.3 kPa for narrow cuffs
and 43.4-54.9 kPa and 48.5-58.9 kPa for wide cuffs to prevent such discomforts.

A significant limitation of current exoskeletons is the weight of actuators, power supply
systems, and exoskeletons as a whole (Rupal et al., 2017). Gruevski et al. (2020) found the least
acceptable ratings for the exoskeleton in the following categories: equipment bulkiness, agility,
speed, mobility, and over-performance. Most SMs carry 40-50 pounds of body armor, weapons, and
gear. Heavy and bulky exoskeletons will create additional restrictions for the litter team by adding
to the physical workload required to operate. This additional physical workload increases the
overall difficulty of operating in a military theatre, thus increasing the team’s cognitive workload
and interaction while walking with the exoskeleton (Bequette et al., 2018). Exoskeletons should be
designed to be as light and small as possible to aid the SM effectively and should not negatively
affect mobility or lethality (Lo et al., 2020).

The actuators (electric, hydraulic, pneumatic, or passive) should be lightweight and portable,
offer ease of use, have a high power-to-weight ratio, and have high efficiency. According to Kalita
et al. (2021)’s review, PAMs are reported to reduce the weight of the actuator. Users of the passive
upper-limb exoskeleton device developed by Yin et al. (2020) reported exerting more force against
the exoskeleton when putting down their arms because the supportive forces were too high. With a
lower extremity exoskeleton tested by Bequette et al. (2020), some participants reported that their
range of motion was limited with the exoskeleton, and they sometimes felt the exoskeletons
actuating inappropriately during the step-over obstacle. Exoskeleton designs must consider the need
to move freely from one position to another and that all movements should not require a higher
exertion force than needed without the exosuit. Thus, any supportive forces offered by the
exoskeleton should not be too large that the user exerts more effort to perform their transport duties.

While actuators and signal processing technology have improved significantly,
improvements to power supplies and exoskeleton control systems are needed. Few power sources
can efficiently provide the energy requirements needed for military operations (Bogue, 2015). If the
exoskeleton runs on a limited power supply, the designers need to consider options for backup
power sources. Current control system strategies are either limited to using historical sensor data,
are sensitive to inherent noise in the instrument, or cannot adapt to sudden changes in movement.
Relying on historical data for a control system may introduce slight delays into the system, which
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could be dangerous during unexpected events or movement patterns (Mudie et al., 2021). Zhang et
al. (2017) found the model-based control strategies ineffective during their pilot tests because of
their sensitivity to noise and adaption dynamics. Bequette et al. (2020) evaluated a lower extremity
exoskeleton that used a fixed control policy and tuned the parameters (i.e., knee offset angle, flexion
assistance, and extension assistance) based on manufacturer training and qualitative assessment.
Yang et al. (2021) presented a hybrid oscillator control strategy that effectively compensates for
controller delays during irregular gait patterns. Whichever control strategy is selected should be
effective, accurate, and adaptable to sudden changes in movement.

Personal Protective Equipment, Weaponry and Ammunition, and Casualty Evacuation Duties

Litter bearers are equipped with personal protective equipment (PPE) (i.e., helmet and body
armor), their issued weaponry and ammunition, and the equipment needed for casualty evacuation.
The exoskeleton must not interfere with current military equipment or weaponry (Crowell et al.,
2019). Additionally, there may be instances where the litter bearers must engage in combat to
protect themselves and the patient. Therefore, the exoskeleton should not require the litter team to
surrender their weapons or remove body armor at any time before or during the evacuation. Army
medics must also continue their care of the patient, which requires them to perform dexterity skills,
like placing an intravascular device. For that reason, future exoskeletons must not interfere with
patient evaluations, typical medical procedures, and any extra duties required of the SM
(Blackbourne et al., 2012).

Load Effects

As the weight of the load carried increases, the maximum and mean muscle activation levels
in the body increase (Li et al., 2018). Consequently, SMs take longer to complete common combat
movements (Crowell et al., 2019). Li et al. (2018) investigated the ergonomic performance of a
previously developed load-carrying exoskeleton. The authors collected subjective and
electromyography data from nine healthy male subjects walking with and without the exoskeleton.
Even though the exoskeleton offsets the burdens of the load-carrying task, the authors found that
load magnitudes had a greater effect on the subject’s performance than the with-exoskeleton and
without-exoskeleton metrics when performing duties outside of the intended purpose of the
exoskeleton.

Dynamic Movement Capabilities and Environmental Durability

Exoskeletons for military transport and casualty evacuation applications must be designed to
operate at various speeds to accommodate frequent changes in movement patterns or transitions
between movements (Crowell et al., 2019). No movements should be restricted by the exoskeleton.
The exoskeleton should increase the user’s ability to complete exhaustive movements, which do not
result in the perception of increased workload, such as reported by Bequette et al., 2020.
Additionally, using an exoskeleton cannot delay the fast-paced nature of a medical evacuation.

The effects on the movement of the upper and lower extremities due to different load
magnitudes and the day’s designated uniform need to be understood when designing augmentation
and control systems (Crowell et al., 2019). The biomechanics of the user with and without the
exoskeleton needs to be evaluated to ensure that the exoskeleton does not alter the natural
movement of the user. The litter teams should easily and naturally perform specific tasks, such as
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kneeling to transport the patient to the litter, picking up the litter, kneeling to provide critical care,
or setting down the litter to engage in combat. Exoskeletons developed for patient transport
scenarios should be tested against the conditions that litter teams face in the field.

Terrain and climate in certain regions may have high peaks, deep gorges, extremely cold or
hot climates, and high-altitude levels (Katoch, 2005). The survivability of patient transport teams
and the casualty being evacuated is dictated by altitude, climate, and terrain (Katoch, 2005).
Exoskeleton materials should be selected for durability in any terrain, whether hilly, rocky, wet,
sandy, or rural. The exoskeleton also should withstand and function in any environment in which
they are deployed, whether a desert, jungle, or extreme temperatures (Crowell et al., 2019).

Exoskeleton Storage, Transport, and Deployment

Military facilities will not adopt new and expensive machinery if it does not secure the
following: Does the suit make the job easier without interfering with the overall mission’s
effectiveness? Can most SMs use the item with little to no prior training? Can an SM don and doff
the suit without the assistance of others? Is the item reliable in most environments? Is this the
cheapest while also being the most effective option? Is there an ability to maintain the item easily
over a long life cycle?

Other specific considerations need to be answered by the designers for exoskeletons to be
used in patient transport scenarios. Will an emergency vehicle store the exoskeleton? Where and
how will the exoskeleton be deployed? The answers may depend on the exoskeleton's weight, size,
and internal systems. If the exoskeleton is too large or heavy to be carried by the litter bearer, the
exoskeleton may need to be deployed at the checkpoint closest to the pickup site.

Safety and Reliability

The physical interface should not cause discomfort or harm to the user (Crowell et al.,
2019). When evaluating the ReWalk (ReWalk, Malborough, MA) exoskeleton (Table C2, Appendix
C), Awad et al. (2020) found instances of pain in the lower extremity, skin abrasions, and limb
discomfort during testing. The authors reported that the negative effects of wearing the exoskeleton
were due to the improper fit of the exoskeleton on the user. Care should be taken to ensure the
exoskeleton is adjustable and can easily be placed on the user to alleviate or reduce the possibility
of improper fit. The exoskeleton should accommaodate litter bearers of different sizes (Crowell et al.,
2019), preferably from the 5™ to the 95" percentile SM in height and waist circumference. The
augmentation benefits should be the same for male and female litter bearers, unlike the results
found in Rice et al. (1996b, 1996a). The exoskeleton should not increase the risk of acute or chronic
injury or health effects to the litter bearer through its use. This includes increasing the risk of
traumatic injury as well as health decrements that decrease operational tactical and medical
performance.
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Device reliability is another primary safety consideration for exoskeleton designs. Awad et
al. (2020) reported device malfunctions in 11.6% of the study visits were related to the actuation
unit, the handheld device, and the sensory connectivity. Luckily, none of the malfunctions resulted
in adverse events. Designers and engineers should incorporate safety mechanisms to ensure the
litter team can safely and quickly remove the exoskeleton in the event of a system malfunction. The
exoskeleton should enhance performance without affecting the survival rate of the patient. In
addition, servicing parts to maintain the suit throughout its life cycle should be easily and fiscally
attainable. Most repairs must be able to be done by a SM in the theatre environment as to not halt on
the mission at hand.

Feasibility Evaluation Metrics for Assessment of Performance Augmentation and
Optimization Capabilities

Following the identification of design specifications and considerations, the exoskeleton
prototype or device must be tested to assess its augmentation and optimization capabilities. Proud et
al. (2020) reported that 68% of devices were evaluated using a human-exoskeleton integration
analysis and included biomechanical (i.e., motion capture), physiological (i.e., metabolic cost), and
psychophysical measures (i.e., subjective feedback). Crowell et al. (2018) recommend using
biomechanical or physiological metrics to evaluate specific changes in physical performance from
using the exoskeleton.

Crowell et al. (2019), Mudie et al. (2018), and Crowell et al. (2018) have developed
guidelines for evaluating exoskeletons for military applications. Crowell et al. (2018) provide a
selection of methods and metrics that are currently used at the U.S. Army Combat Capabilities
Development Command Soldier Center and the U.S. Army Research Laboratory to evaluate
exoskeleton devices for military applications. The report gives an extensive guide for evaluating
and measuring the performance of exoskeletons from the initial design phase to the advanced
prototype phase. It must be reiterated that the use of an exoskeleton can not only just be introduced
into military applications, additional concerns must be taken into consideration. Among these is the
ability of the exoskeleton to safely and easily integrate with the SM and their equipment; for
example, the exoskeleton should not interfere with the SM’s PPE, this includes personal safety
equipment worn with the uniform and the use of medical protective equipment worn during medical
procedures.

Recommendations

The following recommendations are essential for the development of successful exoskeleton
devices to augment or enhance human motion or the physical activity of SMs during dismounted
litter load carriage tasks:

e Designers should consider developing a quasi-passive, multi-joint, upper extremity

exoskeleton for military patient transport and casualty evacuation scenarios. The presence of
a lower extremity exoskeleton would be beneficial to a litter bearer due continuous lower
body movement during transition. However, to the upper body, grip strength in particular, is
the first component to fatigue to exhaustion. This exhaustive state is why upper extremity
exoskeletons take priority over lower extremity, but both are beneficial to the SM. Based on
the findings, designers should consider using a combination of lighter actuators, such as
pneumatic actuators or series elastic actuators, and passive actuators, such as springs or
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dampers. Combining these types of actuators may allow the exoskeleton to be lighter and
consume less energy than if electric or hydraulic actuators were used. The use of the passive
actuator could also serve as a backup augmentation component if the exoskeleton runs on a
limited power supply.

A combination of soft and rigid materials should be considered to help leverage the
advantages of a durable rigid design and the flexibility and lightness of a soft exosuit design.
The materials should be selected for durability in any terrain, whether hilly, rocky, wet,
sandy, or rural when expected to travel outside military protective zones. The exoskeleton
should withstand any environment in which they are employed, whether desert, jungle, or
extreme temperatures (Crowell et al., 2019).

Care should be taken to ensure the exoskeleton is adjustable to accommodate vast
anthropometric variances among SMs. Exoskeletons should also easily be donned and
doffed by the user to alleviate or reduce the possibility of improper fit (Gordon et al., 2014).
The scenarios, team size, and litter bearer size should be considered when designing
exoskeletons for patient transport scenarios. Exoskeletons should be able to augment the
user during both long-distance transports and short-distance transports, regardless of team
size and litter bearer size.

The exoskeleton should not require the litter team to surrender their weapons or remove
body armor. The exoskeleton must not interfere with current military equipment or
weaponry (Crowell et al., 2019). Preferably, the exoskeleton should be easily integrated into
the mission at hand.

Army medics must also continue their care of the patient, which requires them to perform
dexterity skills, like placing an intravascular device. For that reason, future exoskeletons
must not interfere with patient evaluations, typical medical procedures, or any extra duties
required of the SM (Blackbourne et al., 2012).

Designers and researchers should consider how the exoskeleton will be stored and
where/how it will be deployed.

Designers and engineers should incorporate safety mechanisms to ensure the litter team can
safely and quickly remove the exoskeleton in the event of a system malfunction.

The proposed design should be evaluated in a field- or lab-based characterization study
using human subject volunteers to assess the efficacy, suitability, and feasibility of device
use in simulated patient transport scenarios. Biomechanical, physiologic, operational
performance, and subjective user feedback should be collected incrementally during
simulated transport of either or each of the common casualty evacuation scenarios. Data
outcomes should be compared to, at a minimum, data collected in identical conditions
without using assistive devices. Data comparisons should also be made against other
assistive devices.

For the litter team, hand steadiness and hand-grip strength should be measured, and recovery
times minimized when evaluating exoskeletons for patient transport.

When evaluating the exoskeleton design for use in military patient transport scenarios, it is
recommended to use the guidelines developed by Crowell et al. (2018), Mudie et al. (2018),
and Crowell et al. (2019).
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Conclusion

Transporting patients on litters can be physically demanding for SMs, regardless of team
size. Post-carry fatigue symptoms can impede an SM’s ability to provide the necessary care to a
casualty during prolonged field care situations. Additionally, the battle readiness of the litter bearers
during or after litter transport is often overlooked. Exoskeletons have the potential to enhance and
augment litter bearers during patient transport and casualty evacuations by offsetting some of the
loads to the upper extremity. The USAARL conducted a comprehensive review of the state of
exoskeleton research to determine essential preliminary design considerations and provide
preliminary recommendations for exoskeleton technology specifically focused on improving or
enhancing dismounted military casualty transport scenarios. This work is the first of its kind and a
critical foundational approach toward the development and future deployment of devices with the
potential to reduce the negative impacts of frequent, repetitive, or extended casualty transport using
a litter.

This comprehensive literature review resulted in identifying six crucial design factors and
specifications that must be considered for exoskeleton feasibility, suitability, and efficacy in
assisting the user with litter carriage. Essential recommendations for the development of successful
exoskeleton devices to augment or enhance human motion or the physical activity of SMs during
dismounted litter load carriage tasks were also provided. However, additional reviews are needed to
review the specifications and applicability of exoskeletons currently available or in the research
stage that meet the outlined criteria. The next research step will leverage and expand these
recommendations by conducting proof of concept human subject volunteer studies to determine if
the use of an assistive device during litter transport could potentially decrease the fatiguing effects
and increase the litter bearer's ability to carry the litter, provide critical care, and sustain SM tasks.
Future work will examine applicable exoskeleton designs, prototypes, and devices to determine
whether they are suitable or adaptable for use in litter transport scenarios with follow-up human
subject research studies to assess and evaluate the efficacy and feasibility of the proposed devices.
These data will aid in establishing a standard to evaluate the efficacy and feasibility of assistive
devices to be considered for selection and integration into the standard Military Equipment Set for
litter transport procedures.

14



References

Army Technology. (2020). Raytheon XOS 2 Exoskeleton, Second-Generation Robotics Suit.
https://www.army-technology.com/projects/raytheon-xos-2-exoskeleton-us/

Awad, L. N., Esquenazi, A., Francisco, G. E., Nolan, K. J., & Jayaraman, A. (2020). The ReWalk
ReStore™ soft robotic exosuit: A multi-site clinical trial of the safety, reliability, and
feasibility of exosuit-augmented post-stroke gait rehabilitation. Journal of
NeuroEngineering and Rehabilitation, 17(1). https://doi.org/10.1186/s12984-020-00702-5

Baechle, D. M., Wetzel, E. D., & Agrawal, S. K. (2013). Design and fabrication of an arm
exoskeleton for aim stabilization. International Design Engineering Technical Conferences
and Computers and Information in Engineering Conference, American Society of
Mechanical Engineers, 55935, VO6AT07AQ74.

Bequette, B., Norton, A., Jones, E., & Stirling, L. (2020). Physical and cognitive load effects due to
a powered lower-body exoskeleton. Human Factors, 62(3), 411-423.
https://doi.org/10.1177/0018720820907450

Bequette, B., Norton, A., Jones, E., & Stirling, L. (2018). The effect of a powered lower-body
exoskeleton on physical and cognitive warfighter performance. Proceedings of the Human
Factors and Ergonomics Society, 3, 1663-1667. https://doi.org/10.1177/1541931218621377

Blackbourne, L. H., Baer, D. G., Eastridge, B. J., Butler, F. K., Wenke, J. C., Hale, R. G., Kotwal,
R. S., Brosch, L. R., Bebarta, V. S., Knudson, M. M., Ficke, J. R., Jenkins, D., & Holcomb,
J. B. (2012). Military medical revolution: Military trauma system. Journal of Trauma and
Acute Care Surgery, 73(6), S388-S394.

Bogue, R. (2015). Robotic exoskeletons: A review of recent progress. Industrial Robot, 42(1), 5-10.
https://doi.org/10.1108/IR-08-2014-0379

Bortole, M., Venkatakrishnan, A., Zhu, F., Moreno, J. C., Francisco, G. E., Pons, J. L., & Contreras-
Vidal, J. L. (2015). The H2 robotic exoskeleton for gait rehabilitation after stroke: Early
findings from a clinical study. Journal of NeuroEngineering and Rehabilitation, 12(1),
1-14. https://doi.org/10.1186/s12984-015-0048-y

Chen, G., Qi, P., Guo, Z., & Yu, H. (2016). Mechanical design and evaluation of a compact portable
knee-ankle-foot robot for gait rehabilitation. Mechanism and Machine Theory, 103, 51-64.
https://doi.org/10.1016/j.mechmachtheory.2016.04.012

Choi, H. S, Lee, C. H., & Baek, Y. S. (2020). Design and validation of a two-degree-of-freedom
powered ankle-foot orthosis with two pneumatic artificial muscles. Mechatronics,
72(November), 102469. https://doi.org/10.1016/j.mechatronics.2020.102469

Conti, S. M., Kroening, L. R., Molles, J. J., Davenport, M. L., Kinsler, R. E., & Lloyd, A. L. (2021).

Optimal physical space for en route care: Medic posture and injury survey. Military
Medicine, 186(Supplement_1), 305-310.

15



Crowell, H. P., Kanagaki, G. B., O’donovan, M. P., Haynes, C. A., Park, J.-H., Neugebauer, J. M.,
Hennessy, E. R., Boynton, A. C., Mitchell, B., Tweedell, A. J., & Girolamo, H. J. (2018).
Methodologies for evaluating the effects of physical augmentation aechnologies on Soldier
performance (Report No. ARL-TR-8444). U.S. Army Research Laboratory.

Crowell, H. P., Park, J.-H., Haynes, C. A., Neugebauer, J. M., & Boynton, A. C. (2019). Design,
evaluation, and research challenges relevant to exoskeletons and exosuits: A 26-year
perspective from the U.S. Army Research Laboratory. IISE Transactions on Occupational
Ergonomics and Human Factors, 7(3-4), 199-212.

de la Tejera, J. A., Bustamante-Bello, R., Ramirez-Mendoza, R. A., & Izquierdo-Reyes, J. (2020).
Systematic review of exoskeletons towards a general categorization model proposal. Applied
Sciences, 11(1), 76.

Del Ferraro, S., Falcone, T., Ranavolo, A., & Molinaro, V. (2020). The effects of upper-body
exoskeletons on human metabolic cost and thermal response during work tasks—a
systematic review. International Journal of Environmental Research and Public Health,
17(20), 1-25. https://doi.org/10.3390/ijerph17207374

Defense Imagery Management Operations Center. (n.d). https://www.dimoc.mil/Find-DoD-
VI/Archives/

Department of the Army. (2019). Medical Evacuation (ATP 4-02.2).
https://armypubs.army.mil/epubs/DR_pubs/DR_a/pdf/web/ARN17834 ATP%204-
02x2%20FINAL%20WEB.pdf

Department of the Army. (2021). Casualty Evacuation (ATP 4-02.13).
https://armypubs.army.mil/epubs/DR_pubs/DR_a/ARN32888-ATP_4-02.13-000-WEB-
1.pdf

Eastridge, B. J., Mabry, R. L., Seguin, P., Cantrell, J., Tops, T., Uribe, P., Mallett, O., Zubko, T.,
Oetjen-Gerdes, L., Rasmussen, T. E., Butler, F. K., Kotwal, R. S., Holcomb, J. B., Wade, C.,
Champion, H., Lawnick, M., Moores, L., & Blackbourne, L. H. (2012). Death on the
battlefield (2001-2011): Implications for the future of combat casualty care. Journal of
Trauma and Acute Care Surgery, 73(6 SUPPL. 5), 431-437.
https://doi.org/10.1097/TA.0b013e3182755dcc

Ekso Bionocs. (n.d.). EVO is designed to provide power without the pain. Retrieved September 20,
2022 from https://eksobionics.com/ekso-evo/

Fick, B. R., & Makinson, J. B. (1971). Final Report on Hardiman | Prototype for Machine
Augmentation of Human Strength and Endurance.

Fox, S., Aranko, O., Heilala, J., & Vahala, P. (2020). Exoskeletons: Comprehensive, comparative
and critical analyses of their potential to improve manufacturing performance. Journal of
Manufacturing Technology Management, 31(6), 1261-1280. https://doi.org/10.1108/JMTM-
01-2019-0023

16



General Electric (August 25, 2016). Exoskeleton. Do you even lift, bro? Hardiman was GE's
muscular take on the human-machine interface. General Electric News.
https://www.ge.com/news/reports/do-you-even-lift-bro-hardiman-and-the-human-machine-
interface

Gordon, C. C., Blackwell, C. L., Bradtmiller, B., Parham, J. L., Barrientos, P., Paquette, S. P.,
Corner, B. D., Carson, J. M., Venezia, J. C., Rockwell, B. M., Mucher, M., & Kristensen, S.
(2014). 2012 anthropometric survey of us army personnel: Methods and summary statistics
(Report No. NATICK/TR-15/007). Army Natick Soldier Research Development and
Engineering Center MA.

Gregorczyk, K. N., Hasselquist, L., Schiffman, J. M., Bensel, C. K., Obusek, J. P., & Gutekunst, D.
J. (2010). Effects of a lower-body exoskeleton device on metabolic cost and gait
biomechanics during load carriage. Ergonomics, 53(10), 1263-1275.
https://doi.org/10.1080/00140139.2010.512982

Gruevski, K. M., Cameron, 1. J., McGuinness, C., Sy, A., Best, K. L., Bouyer, L., Diamond-
Ouellette, G., Graham, R. B., & Karakolis, T. (2020). A pilot investigation of the influence
of a passive military exoskeleton on the performance of lab-simulated operational tasks.
IISE Transactions on Occupational Ergonomics and Human Factors, 8(4), 195-203.

Gull, M. A,, Bai, S., & Bak, T. (2020). A review on design of upper limb exoskeletons. Robotics,
9(1), 16.

Hadid, A., Katz, I., Haker, T., Zeilig, G., Defrin, R., Epstein, Y., & Gefen, A. (2017). Effect of load
carriage on upper limb performance. Medicine and Science in Sports and Exercise, 49(5),
1006-1014. https://doi.org/10.1249/MSS.0000000000001192

Jaworski, R. L., Jensen, A., Niederberger, B., Congalton, R., & Kelly, K. R. (2015). Changes in
combat task performance under increasing loads in active duty marines. Military Medicine,
180(3), 179-186. https://doi.org/10.7205/MILMED-D-14-00432

Kalita, B., Narayan, J., & Dwivedy, S. K. (2021). Development of active lower limb robotic-based
orthosis and exoskeleton devices: A systematic review. In International Journal of Social
Robotics, 13(4), 775-793. Springer Science and Business Media B.V.
https://doi.org/10.1007/s12369-020-00662-9

Katoch, S. (2005). Introduction of modern stretchers in Armed Forces for improving casualty
evacuation in field with special reference to casualty evacuation in mountains. Medical
Journal Armed Forces India, 61(2), 157-162. https://doi.org/10.1016/S0377-
1237(05)80014-0

Kawabata, T., Satoh, H., & Sankai, Y. (2009). Working posture control of robot suit HAL for
reducing structural stress. 2009 IEEE International Conference on Robotics and
Biomimetics, ROBIO 2009, 2013-2018. https://doi.org/10.1109/ROBI0.2009.5420519

17



Kermavnar, T., O’Sullivan, K. J., Casey, V., de Eyto, A., & O’Sullivan, L. W. (2020).
Circumferential tissue compression at the lower limb during walking, and its effect on
discomfort, pain and tissue oxygenation: Application to soft exoskeleton design. Applied
Ergonomics, 86. https://doi.org/10.1016/j.apergo.2020.103093

Kotwal, R. S., Scott, L. L., Janak, J. C., Tarpey, B. W., Howard, J. T., Mazuchowski, E. L., Butler,
F. K., Shackelford, S. A., Gurney, J. M., & Stockinger, Z. T. (2018). The effect of
prehospital transport time, injury severity, and blood transfusion on survival of US military
casualties in Irag. Journal of Trauma and Acute Care Surgery, 85(1S), S112-S121.

Lee, S., Kim, J., Baker, L., Long, A., Karavas, N., Menard, N., ... & Walsh, C. J. (2018).
Autonomous multi-joint soft exosuit with augmentation-power-based control parameter
tuning reduces energy cost of loaded walking. Journal of Neuroengineering and
Rehabilitation, 15(1), 1-9.

Leyk, D., Rohde, U., Erley, O., Gorges, W., Wunderlich, M., Rither, T., & Essfeld, D. (2006).
Recovery of hand grip strength and hand steadiness after exhausting manual stretcher
carriage. European Journal of Applied Physiology, 96(5), 593-599.
https://doi.org/10.1007/s00421-005-0126-0

Levitate Technologies Inc. (n.d.). Fatigue has a new enemy. Retrieved September 20, 2022, from
https://www.levitatetech.com/

Li, H., Cheng, W., Liu, F., Zhang, M., & Wang, K. (2018). The effects on muscle activity and
discomfort of varying load carriage with and without an augmentation exoskeleton. Applied
Sciences (Switzerland), 8(12). https://doi.org/10.3390/app8122638

Lim, J., Palmer, C. J., Busa, M. A., Amado, A., Rosado, L. D., Ducharme, S. W., Simon, D., & Van
Emmerik, R. E. A. (2017). Additional helmet and pack loading reduce situational awareness
during the establishment of marksmanship posture. Ergonomics, 60(6), 824—836.
https://doi.org/10.1080/00140139.2016.1222001

Lo, M., Carstairs, G., Mudie, K. L., Begg, R., & Billing, D. (2020). The use of wearable assistive
technology to increase Soldiers’ effectiveness. In Human Factors and Mechanical
Engineering for Defense and Safety, 4(1), 1-8. Springer. https://doi.org/10.1007/s41314-
020-00035-0

Lockheed Martin. (2022a). Lockheed Martin exoskeleton technologies: FORTIS.
https://www.lockheedmartin.com/en-us/products/exoskeleton-technologies/industrial.html

Lockheed Martin. (2022b). Lockheed Martin exoskeleton technologies: Onyx.
https://www.lockheedmartin.com/en-us/products/exoskeleton-technologies/military.html

Kirschner, P. A. (2002). Cognitive load theory: Implications of cognitive load theory on the design
of learning. Learning and Instruction, 12(1), 1-10.

Marcheschi, S., Salsedo, F., Fontana, M., & Bergamasco, M. (2011). Body extender: Whole body
exoskeleton for human power augmentation. Proceedings - IEEE International Conference
on Robotics and Automation, 611-616. https://doi.org/10.1109/ICRA.2011.5980132

18



Maurice, P., lvaldi, S., Babic, J., Camernik, J., Gorjan, D., Schirrmeister, B., Bornmann, J.,
Tagliapietra, L., Latella, C., Pucci, D., & Fritzsche, L. (2020). Objective and subjective
effects of a passive exoskeleton on overhead work. IEEE Transactions on Neural Systems
and Rehabilitation Engineering, 28(1), 152-164.
https://doi.org/10.1109/TNSRE.2019.2945368

Mudie, K., Billing, D., Garofolini, A., Karakolis, T., & LaFiandra, M. (2021). The need for a
paradigm shift in the development of military exoskeletons. European Journal of Sport
Science, 22(1), 35-42. https://doi.org/10.1080/17461391.2021.1923813

Mudie, K. L., Boynton, A. C., Karakolis, T., O’Donovan, M. P., Kanagaki, G. B., Crowell, H. P.,
Begg, R. K., LaFiandra, M. E., & Billing, D. C. (2018). Consensus paper on testing and
evaluation of military exoskeletons for the dismounted combatant. Journal of Science and
Medicine in Sport, 21(11), 1154-1161. https://doi.org/10.1016/j.jsams.2018.05.016

Murugan, B. (2021). A review on exoskeletons for military purpose. I-Manager’s Journal on
Mechanical Engineering, 11(2), 36.

Nilsen, T., Hermann, M., Eriksen, C. S., Dagfinrud, H., Mowinckel, P., & Kjeken, I. (2012). Grip
force and pinch grip in an adult population: reference values and factors associated with grip
force. Scandinavian Journal of Occupational Therapy, 19(3), 288-296.

Nascimento, B. G. do, Vimieiro, C. B. S., Nagem, D. A. P., & Pinotti, M. (2008). Hip orthosis
powered by pneumatic artificial muscle: Voluntary activation in absence of myoelectrical
signal. Artificial Organs, 32(4), 317-322. https://doi.org/10.1111/j.1525-1594.2008.00549.x

Pacifico, 1., Molteni, F., Giovacchini, F., Vitiello, N., Crea, S., Scano, A., Guanziroli, E., Moise, M.,
Morelli, L., Chiavenna, A., Romo, D., Spada, S., & Colombina, G. (2020). An experimental
evaluation of the proto-mate: A novel ergonomic upper-limb exoskeleton to reduce workers’
physical strain. IEEE Robotics and Automation Magazine, 27(1), 54-65.
https://doi.org/10.1109/MRA.2019.2954105

Proud, J. K., H Lai, D. T., Mudie, K. L., Carstairs, G. L., Billing, D. C., Science, D., Garofolini, A.,
& Begg, R. K. (2020). Exoskeleton application to military manual handling tasks. Human
Factors.

Refour, E. M., Sebastian, B., Chauhan, R. J., & Ben-Tzvi, P. (2019). A general purpose robotic
hand exoskeleton with series elastic actuation. Journal of Mechanisms and Robotics, 11(6).
https://doi.org/10.1115/1.4044543

Reilly, R. F. (2016). Medical and surgical care during the American Civil War, 1861-1865. Baylor
University Medical Center Proceedings, 29(2), 138-142.

Rice, V. J. B., Sharp, M. A, Tharion, W. J., & Williamson, T. L. (1996a). The effects of gender,
team size, and a shoulder harness on stretcher-carry task and post-carry performance. Part I.
A simulated carry from a remote site 1. International Journal of Industrial Ergonomics, 18,
27-40.

19



Rice, V. J. B., Sharp, M. A., Tharion, W. J., & Williamson, T. L. (1996b). The effects of gender,
team size, and a shoulder harness on stretcher-carry task and post-carry performance. Part 11.
A mass-casualty simulation. In International Journal of Industrial Ergonomics, 18.

Roy, T. C., Knapik, J. J., Ritland, B. M., Murphy, N., & Sharp, M. A. (2012). Risk factors for
musculoskeletal injuries for Soldiers deployed to Afghanistan. Aviation Space and
Environmental Medicine, 83(11), 1060—-1066. https://doi.org/10.3357/ASEM.3341.2012

Rupal, B. S., Rafique, S., Singla, A., Singla, E., Isaksson, M., & Virk, G. S. (2017). Lower-limb
exoskeletons: Research trends and regulatory guidelines in medical and non-medical
applications. In International Journal of Advanced Robotic Systems, 14(6).
https://doi.org/10.1177/1729881417743554

Ryu, H. T., Choi, J. Y., Yi, B.-J., Lee, J., Kim, D. J., & Ko, J. (2012). Human-robot integrated
model of the upper-extremity. 2012 9th International Conference on Ubiquitos Robots and
Ambient Intelligence (URALI), 8-10.

Sawicki, G. S., Beck, O. N., Kang, I., & Young, A. J. (2020). The exoskeleton expansion:
Improving walking and running economy. In Journal of NeuroEngineering and
Rehabilitation, 17(1). BioMed Central Ltd. https://doi.org/10.1186/s12984-020-00663-9

Seay, J. F. (2015). Biomechanics of load carriage-historical perspectives and recent insights.
Journal of Strength and Conditioning Research, 29(11S), S129-S133.

Skelex. (n.d.). Skelex 360-XFR: The ultimate exoskeleton for overhead work. Retrieved September
20, 2022, from https://www.skelex.com/skelex-360-xfr/

Spring, A. N., Kofman, J., & Lemaire, E. D. (2012). Design and evaluation of an orthotic knee-
extension assist. IEEE Transactions on Neural Systems and Rehabilitation Engineering,
20(5), 678-687. https://doi.org/10.1109/TNSRE.2012.2202250

Tharion, W. J., Rice, V., Sharp, M. A., & Marlowe, B. E. (1993). The effects of litter carrying on
rifle shooting. Military Medicine, 158(8), 566-570.
https://doi.org/10.1093/milmed/158.8.566

Van Engelhoven, L., Poon, N., Kazerooni, H., Rempel, D., Barr, A., & Harris-Adamson, C. (2019).
Experimental evaluation of a shoulder-support exoskeleton for overhead work: Influences of
peak torque amplitude, task, and tool mass. IISE Transactions on Occupational Ergonomics

and Human Factors, 7(3-4), 250-263.

Veneman, J., Kruidhof, R., Hekman, E., Ekkelenkamp, R., Van Asseldonk, E., & van der Kooij, H.
(2007). Design and evaluation of the LOPES exoskeleton robot for interactive gait
rehabilitation. IEEE Transactions on Neural Systems and Rehabilitation Engineering, 15(3),
379-386. https://doi.org/10.1109/TNSRE.2007.903919

Walsh, C. J., Endo, K., & Herr, H. (2007). A quasi-passive leg exoskeleton for load-carrying

augmentation. International Journal of Humanoid Robotics, 4(3), 487-506.
https://doi.org/10.1142/S0219843607001126

20



Wang, S., Wang, L., Meijneke, C., Van Asseldonk, E., Hoellinger, T., Cheron, G., Ivanenko, Y., La
Scaleia, V., Sylos-Labini, F., Molinari, M., Tamburella, F., Pisotta, I., Thorsteinsson, F.,
llzkovitz, M., Gancet, J., Nevatia, Y., Hauffe, R., Zanow, F., & Van Der Kooij, H. (2015).
Design and control of the mindwalker exoskeleton. IEEE Transactions on Neural Systems
and Rehabilitation Engineering, 23(2), 277-286.
https://doi.org/10.1109/TNSRE.2014.2365697

Wang, D., Meng, Q., Meng, Q., Li, X., & Yu, H. (2018). Design and development of a portable
exoskeleton for hand rehabilitation. IEEE Transactions on Neural Systems and
Rehabilitation Engineering, 26(12), 2376-2386.
https://doi.org/10.1109/TNSRE.2018.2878778

Wilson, R. M. (2006). An innovative approach for assessing the ergonomic risks of lifting tasks
using a video motion capture system [Master’s Thesis, Naval Postgraduate School].
Calhoun: Institutional Archive of the Naval Postgraduate School.

Winfree, K. N., Stegall, P., & Agrawal, S. K. (2011). Design of a minimally constraining, passively
supported gait training exoskeleton: ALEX Il. IEEE International Conference on
Rehabilitation Robotics, 0-5. https://doi.org/10.1109/ICORR.2011.5975499

Witte, K. A,, Fiers, P., Sheets-Singer, A. L., & Collins, S. H. (2020). Improving the energy
economy of human running with powered and unpowered ankle exoskeleton assistance. In
Sci. Robot, 5. https://www.science.org

Yandell, M. B., Ziemnicki, D. M., McDonald, K. A., & Zelik, K. E. (2020). Characterizing the
comfort limits of forces applied to the shoulders, thigh and shank to inform exosuit design.
PLoS ONE, 15(2). https://doi.org/10.1371/journal.pone.0228536

Yang, W., Xu, L., Yu, L., Chen, Y., Yan, Z., & Yang, C. (2021). Hybrid oscillator-based no-delay
hip exoskeleton control for free walking assistance. Industrial Robot, 48(6), 906-914.
https://doi.org/10.1108/IR-02-2021-0038

Yatsuya, K., Hirano, S., Saitoh, E., Tanabe, S., Tanaka, H., Eguchi, M., Katoh, M., Shimizu, Y.,
Uno, A., & Kagaya, H. (2018). Comparison of energy efficiency between Wearable Power-
Assist Locomotor (WPAL) and two types of knee-ankle-foot orthoses with a medial single
hip joint (MSH-KAFO). Journal of Spinal Cord Medicine, 41(1), 48-54.
https://doi.org/10.1080/10790268.2016.1226701

Yin, P., Yang, L., Qu, S., & Wang, C. (2020). Effects of a passive upper extremity exoskeleton for
overhead tasks. Journal of Electromyography and Kinesiology, 55.
https://doi.org/10.1016/j.jelekin.2020.102478

Zeilig, G., Weingarden, H., Zwecker, M., Dudkiewicz, 1., Bloch, A., & Esquenazi, A. (2012).
Safety and tolerance of the ReWalk™ exoskeleton suit for ambulation by people with
complete spinal cord injury: A pilot study. Journal of Spinal Cord Medicine, 35(2), 96-101.
https://doi.org/10.1179/2045772312Y.0000000003

21



Zhang, J., Fiers, P., Witte, K. A., Jackson, R. W., Poggensee, K. L., Atkeson, C. G., & Collins, S.
H. (2017). Human-in-the-loop optimization of exoskeleton assistance during walking.
Science, 356(6344), 1280-1284.

Zoss, A. B., Kazerooni, H., & Chu, A. (2006). Biomechanical design of the Berkeley Lower
Extremity Exoskeleton (BLEEX). IEEE/ASME Transactions on Mechatronics, 11(2), 128—
138. https://doi.org/10.1109/TMECH.2006.871087

22



Appendix A. Abbreviations and Acronyms

DoD Department of Defense

FFO Full Fighting Order

KEA Knee Extension Assist

MDO Multi-domain operations

PAMs Pneumatic artificial muscles

PPE Personal protective equipment

SM Service Member

USAARL United States Army Aeromedical Research Laboratory
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Appendix B. Whole-Body Exoskeletons

Table B1. Examples of Whole-Body Exoskeletons (Commercially Available and
Prototype/Research Phase)

Device Name Developer Device Type
. . . Rigid .
Hybrid Assistive Limb Cyberdyne, Inc. . Commercially
(Kawabata et al., 2009) (Tsukuba, Ibaraki, Japan) Active Available
v ! ! Untethered
. Rigid .
Raytheon XOS 2 Raytheon Active Commercially
(Army Technology, 2020) (Waltham, MA) Tethered Available
. Rigid Protot
PERCRO Body Extender Perceptual Robotics Lab Ig.l rototype/
(Marcheschi et al., 2011) (Pisa, Italy) Active Research
Y oty Tethered Phase
H Uni ity and .
Human-Robot Integrated anyang 'mver5| yan Rigid Prototype/
Korea Institute of Robot .
Exoskeleton (Ryu et al., and Convereence Active Research
2012) & Tethered Phase

(Pohang, South Korea)

“Note. Formerly Sarcos.

This space is intentionally blank.
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Appendix C. Regional Exoskeletons

Table C1. Examples of Upper Body and Upper Extremity Exoskeletons (Commercially Available

and Prototype/Research Phase)

Device Name Developer Device Type Status
Airframe Semi-Rigid
(Levitate Levitate Technologies . & Commercially
Technologies (San Diego, CA) Passive Available
! Untethered
Inc., n.d.)
EV.O Ekso Bionics Seml-Blgld Commercially
(Ekso Bionacs, (Richmond, CA) Passive Available
n.d.) ! Untethered
Skelex 360-XFR Skelex Sepr;];;?\llild Commercially
(Skelex, n.d.) (JW Rotterdam, Netherlands) Available
Untethered
Shoulderx Rigid
Exoskeleton Ottobock* Pasgsive Commercially
(Van Engelhoven (Duderstadt, Germany) Available
Untethered
et al., 2019)
MATE-XT Semi-Rigid .
. Comau . Commercially
(Pacifico et al., (Turin, Italy) Passive Available
2020) oty Untethered
Paexo .ShOUIder Ottobock” Seml-Slgld Commercially
(Maurice etal, (Duderstadt, Germany) Passive Available
2020) ’ ¥ Untethered
Rehand Rigid
Exoskeleton University of Shanghai g Prototype/
. . Active
(Wang et al., (Shanghai, China) Research Phase
Tethered
2018)
Virginia Tech's
Hand Robotics and Mechatronics Lab, Rigid Prototype/
Exoskeleton Virginia Tech Active Researchyghase
(Refour et al., (Blacksburg, Virginia) Tethered
2019)
Break.lme
Passive Upper Rigid
Limb South China University of Technology g. Prototype/
. Passive
Exoskeleton (Guangzhou, China) Research Phase
Tethered

(Yin et al., 2020)

“Note. Formerly Suitx.
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Table C2. Examples of Lower Extremity Exoskeletons (Commercially Available)

Device Name Developer Device Type
, ‘ -
P Rewalk Rewalk Eclgl\?e Commercially
b o (Zeilig et al., 2012) (Marlborough, MA) Untethered Available
UPRISE Gen 3.0 Mawashi Semi-Rigid Commercially
(Gruevski et al., 2020) (Saint-Jean-sur- Passive Available
N Richelieu, QC) Untethered
. Rigid .
The FORTIS Exoskeleton Lockheed Martin Passive Commercially
(Lockheed Martin, 2022a) (Bethesda, MD) Untethered Available
Onyx Lockheed Martin Se'r;\](l:-tiF\Qllgld Commercially
(Lockheed Martin, 2022b) (Bethesda, MD) Available
Untethered

This space is intentionally blank.
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Table C3. Examples of Lower Extremity Exoskeletons (Prototype/Research Phase)

Device Name Developer Device Type
The Berkeley Lower University of California Rigid
Extremity Exoskeleton Berkeley Active Rezggﬁghtygﬁgse
(Zoss et al., 2006) (Berkeley, CA) Untethered
MIT’s Quasi-Passive Leg Massachusetts Institute Rigid Prototype/
Exoskeleton of Technology Quasi-Passive Research ghase
(Walsh et al., 2007) (Cambridge, MA) Untethered
Lower Extremity Powered University of Twente R'g.'d Prototype/
Exoskeleton (Enschede, Netherlands) Active Research Phase
(Veneman et al., 2007) ' Tethered
. Lo Rigid
Active Leg Exoskeleton Il University of Delaware Active Prototype/
(Winfree et al., 2011) (Newark, DE) Research Phase
Tethered
Knee Extension Assist University of Waterloo Seml-ngld Prototype/
(KEA) Exoskeleton (Waterloo, Ontario) Passive Research Phase
(Spring et al., 2012) ’ Untethered
MINDWALKER Delft University of Rigid Prototype/
(Wang et al., 2015) Technology Active Research Phase
B (Delft, Netherlands) Untethered
Cajal Institute
(Madrid, Spain) Ridid
H2 Exoskeleton and Ac?ive Prototype/
(Bortole et al., 2015) The University of Research Phase
Untethered
Houston

(Houston, TX)
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Device Name Developer Device Type Status
University of Singapore KAF University of Singapore R'g.'d Prototype/
Robot (Singapore) Active Research Phase
(Chen et al., 2016) gap Tethered
Walking Power-Assist Fujita Health University R'g.'d Prototype/
Locomotor (Toyoake, Japan) Active Research Phase
(Yatsuya et al., 2018) y ap Untethered
Human Umv_ersal Load Lockheed Martin R'g.'d Prototype/
Carrier (Bethesda, MD) Active Research Phase
(Army Technology, 2020) ' Untethered
Powered Ankle-Foot- Yonsei University Rigid Prototype/
Orthosis (Seoul, South Korea) Active Research Phase
(Choi et al., 2020) ' Untethered
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