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Abstract
United States warfighters carry very heavy equipment into battle; robotic exoskeletons offer
a promise to off-load the warfighter. While exoskeletons are currently evaluated for their effects
on the user's physical performance, their cognitive effects are not currently considered in the
literature. This study analyzed the performance of twelve military members in a simulated,
fatigue-inducing patrol task under three conditions: wearing a powered exoskeleton (PWR),
wearing an unpowered exoskeleton (UNP), and without wearing an exoskeleton (OFF). While
walking with weight at a prescribed pace over obstacles while following a confederate,
participants were subject to a dual-task cognitive test in which they answered radio calls and
visually scanned for lighted targets. Cognitive load was varied through a secondary radio task
and measured with a visual reaction time test and the radio task. Physical load was varied by
switching between a light and heavy backpack. The primary objective of this study was to
determine the effects of the exoskeleton on physical and cognitive performance. The secondary
objective was to examine the interaction of the exoskeleton conditions with physical and
cognitive loading settings.
The dependent measures under consideration were visual hit/miss rate, visual reaction time,
audio hit/miss rate, audio reaction time, incremental lag time, and NASA-TLX scores. Key
findings were differences between exoskeleton conditions, loading settings, and the
Subject*Condition interaction effect. Subjects did the best at the follow task with OFF, secondbest with PWR, and third-best with UNP. Changes in cognitive performance were complex; in
summary, interacting with the powered exoskeleton appeared to have a cognitive cost, but the
mechanism creating this interference is unknown.
The results also highlight the importance of the Subject*Condition interaction. The
Subject*Condition interaction was a significant effect for visual reaction time, visual hit/miss
rate and follow task metrics including incremental lag time variance. Understanding the
interactions between subjects and exoskeleton usage will help inform exoskeleton development,
operator selection, and use cases.
Thesis Supervisor: Leia Stirling
Title: Charles Stark Draper Professor of Aeronautics and Astronautics
Thesis Supervisor: Eric Jones
Title: Human Systems Architect, The Charles Stark Draper Laboratory, Inc.
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1

Background
In the first part of this section, the motivation for the study will be explained. There is a

powerful need to augment the warfighter's load carriage capabilities; robotic exoskeletons offer
an opportunity to accomplish this goal. While the physical changes brought about by exoskeleton
prototypes have been analyzed, the exoskeleton's impact on cognitive functioning is currently
not considered in the literature. In the second part of this section, a literature review will outline
the major gaps in exoskeleton evaluation, as well as introduce human factors concepts relevant to
the study designed for this thesis, such as multiple resource theory and mental workload. In the
last section, the thesis will be outlined, and the research aims will be formulated.

1.1

Motivation
Most experts agree that U.S. warfighter load has increased over the course of the last

century (Knapik, Reynolds, & Harman, 2004). The Army divides soldier loading condition into
three categories: Fighting Load, Approach March Load, and Emergency Approach March Load.
The Fighting Load consists of the gear the soldier needs in a firefight, including body armor,
ammunition, and water. The Approach March Load "consists of the fighting load plus additional
essential equipment" (Department of the US Army, 2017), usually consisting of clothes and food
which may be carried for a multiple-day operation. In 2003, a US Army Infantry brigade was
studied to gather data on how much weight soldiers were carrying into battle in Afghanistan. The
study found that soldiers carried 63.08 lbs of Fighting Load and 101.31 lbs of Approach March
T
-1
Loau
corresponding to an average of 35.3% and 56.8% BW (Boy weigh), respectively (Dean,
f-

'

n/I%

X

T%
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2003). While used "only on a few occasions" over the course of the study, emergency approach
march load averaged 131.74 lbs. or 77.82% BW (Dean, 2003).
5

These loads are problematic because heavy load carriage can increase the risk of injury,
decrease movement speed, and decrease performance on tactical tasks. Load carriage negatively
affects the speed of movement (Bensel, Harman, Obusek, Pandorf, & Frykman, 2002), which is
crucial for dismounted operations. Faster units can outmaneuver their competition. Injuries
related to heavy load carriage include increased occurrences of foot blisters (Knapik et al., 1997;
Reynolds et al., 1991), stress-induced lower back injuries (Reynolds et al., 1991), stress
fractures, and rucksack palsy - a compression injury caused by the straps of the rucksack and
which include symptoms of numbness and (sometimes chronic) sensorimotor deficits (Knapik et
al., 2004). Since musculoskeletal injuries account for 76% of the non-deployable population, and
half of injuries relate to overuse in the US Army, finding a way to reduce injury occurrence
through load carriage assistance is an important motivation (Bell et al., 2015). Additionally,
many studies have found decrements in military performance with increasing load carriage
(Knapik et al., 2004). One study examined changes in marksmanship after a maximal effort load
march and found that shot accuracy in terms of hit/misses decreased 26% and miss distance
increased 33% from the centroid of the target (Knapik et al., 1990). Other military-relevant
physical performance measures such as grenade throw distance and time to complete obstacle
courses have been shown to be negatively influenced by load carriage (Holewun & Lotens, 1992;
Knapik et al., 1990). Off-loading soldiers or finding ways to deal with the effects of load carriage
is of great interest to the military community. Mechanization has allowed soldiers to rely on
vehicles to carry their equipment, but terrain limits their use. Dismounted soldiers must operate
in areas such as mountains, forests, jungles, and dense urban sprawls which are inaccessible by
wheeled or tracked vehicles. Exoskeletons could help soldiers in these irregular environments.

6

Regarding walking with a load, there are at least two purposes for a military exoskeleton.
The first is to bear part of the load worn by the user by transmitting part of the force directly to
the ground. The second is to help propel the user forward - to reduce the user's metabolic cost of
walking. Some studies have found a decrease in the metabolic cost of walking while using an
&

exoskeleton (Collins, Wiggin, & Sawicki, 2015; Malcolm, Derave, Galle, De Clercq,

Aegerter, 2013; Mooney, Rouse, & Herr, 2014; Panizzolo et al., 2016). In three of these cases,
the exoskeleton offered the user assistance at the ankle. In relation to walking without an
exoskeleton, Malcolm et. al (2013) found a reduction of 6.0

2.0% using McKibben actuators at

the ankle joint, but their study used an off-board power supply. Collins et al. (2015) found a
reduction of metabolic cost of 7.2

2.6% using a passive spring and clutch mechanism at the

ankle. In another study, a metabolic power reduction of 7.3

5.0% was found between the

powered exoskeleton and no-exoskeleton conditions using a soft exoskeleton that delivered a
force to the user through Bowden cables running down the user's leg (Panizzolo et al., 2016).
Given that even modest improvements in speed and shooting accuracy could offer warfighters an
advantage over the enemy, and minor reductions of weight and increases in stability could
reduce injuries, there is great interest in finding a way to off-load warfighters with an
exoskeleton.
While off-loading or augmenting the warfighter with an exoskeleton is an alluring
possibility, it is still unclear how these physical improvements interact with the warfighter's
cognitive domains. What is the effect of these exoskeletons on the cognition of the warfighter?

7

1.2

Literature Review

This section will begin by narrowing down the type of exoskeleton which will be examined in
the study. Next, current methods of exoskeleton evaluation will be discussed; here I will explain
the research gap which exists concerning exoskeletons and cognitive performance. I will then
describe previous work which has analyzed cognitive workload and performance and describe
both the related studies and the inspiration behind my study's dual task design.

1.2.1

Exoskeleton Overview
Herr et al. (2009) defines exoskeletons as "mechanical devices that are essentially

anthropomorphic in nature, are 'worn' by an operator and fit closely to the body, and work in
concert with the operator's movements." There are many types of exoskeletons. Some are used
for rehabilitative purposes, while others are for human augmentation. For this thesis, I will focus
on exoskeletons designed for human augmentation.
For this thesis, I divide military exoskeletons into three categories. First, there are
"Assault" exoskeletons that are designed to help warfighters in a firefight. They are envisioned
to augment the warfighter's power, speed, and/or carry extra armor. Second, there are
"Logistical" exoskeletons; machines designed to help warfighters lift and carry heavy equipment,
functioning like a more versatile forklift. Finally, there are exoskeletons to assist with load
carriage over long distances, deemed "Endurance" exoskeletons. Endurance exoskeletons will be
the focus of this thesis. Exoskeletons further differ in type of actuator, location of actuation,
whether they are "soft" or rigid, load-bearing, passive or active, level of autonomy, and method
of control. While the details of exoskeleton design go beyond the scope of this thesis, there are

8

several papers which review exoskeleton control (Anam & Al-Jumaily, 2012; Tucker et al.,
2015) and design (Yeo et al., 2013).
Robotic exoskeletons should become more useful over time as energy density increases.
While legged locomotion could be accomplished using an autonomous robot, Ferris (2009)
claims that "Exoskeleton development has an advantage over robot development in general
because exoskeletons can rely on the intelligence of the human user. Exoskeletons can take
advantage of all the sensors, computational power, control system, and mechanics that humans
possess." While these systems can benefit from using the human's highly-developed sense of
balance and coordination, it is not clear how that dependence in turn affects the human's
cognitive processes, whether conscious or unconscious.

1.2.2

Exoskeleton Evaluation
Exoskeletons are primarily evaluated according to their physical effects on the user while

walking. Some studies analyze the kinematics, kinetics, muscle activation, and energetics with
and without the exoskeleton. Decreasing the metabolic cost of walking is the central focus of a
small subset of studies, measured through Oxygen and Carbon Dioxide flow rates in the
subject's breath. It is reasonable that for any system to be useful compared to normal walking,
first it must be shown that it can offer a metabolic improvement.
Most analyses include an assessment of the kinetics and kinematics of the user while
wearing the exoskeleton. Joint torques can be computed through an inverse-kinetics method.
This method involves sensing the ground reaction forces using a force platform or pressuresensing insole and combining these data with motion capture data. Changes in gait can also be
analyzed by using EMG (electromyography) data (Sawicki & Ferris, 2008). As a goal,
exoskeleton designs are generally sought to maintain normal human kinetic and kinematic
9

patterns while decreasing metabolic cost and muscle recruitment. Some metrics of interest are
ranges of motion at each joint; stride length, width, and frequency; time spent in stance, swing,
and double support; and peak forces for braking and propulsion (Gregorczyk et al., 2010). In
addition to the growing methods and literature for exoskeleton evaluation, there is still a need to
evaluate the cognitive effects of exoskeleton use (Stirling, Siu, Jones, & Duda, 2018), especially
under loaded conditions.

1.2.3

Mental Workload
Many exoskeleton studies are completed in a laboratory environment on even, regular

ground or a treadmill. Before being adopted widely, military exoskeletons will need to be tested
in irregular environments such as urban environments, mountains, and forests. Furthermore, little
to no work has been done to better understand the changes to the operator's cognitive
functioning while wearing an exoskeleton in these environments. While the community
understands the need to weigh the physical costs and benefits of augmentation exoskeletons, the
mental aspects are currently not considered in the literature. If the exoskeleton places a cognitive
burden on the warfighter, it should also be measured or evaluated. To this end, we aim to assess
the mental workload imposed by the exoskeleton on the subject.
Mental workload is defined as, "the demand imposed by tasks on the human's limited
mental resources, whether considered as single or multiple (Moray, 1979)." Single and multiple
resources are models for conceptualizing human processing power: either as one pool of
computing power which can be divided between tasks (single) or multiple processing units
which are differentiated to some degree (multiple). Kahneman (1973) describes the capacity
model of attention and effort which is "nonspecific," meaning cognitive resources are an
undifferentiated pool of capacity. His model is an intentional over-simplification; in the same
10

work he claims that "specific" interference also occurs - when tasks compete for the same
(differentiated) mental mechanisms.
Wickens's later Multiple Resource Theory (a "specific" interference model) stated that
human mental resources are differentiated (Wickens, Sandry, & Vidulich, 1983). The model
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Figure 1. Wickens's 4-D Multiple Resource Model (Wickens, 2008).

consists of three components: demand, resource overlap, and allocation policy with mental
workload being related to the first of these components. Demand is the amount of cognitive
resources needed for the task relative to available resources. As multiple data inputs are
processed by the human, the degree to which the data "competes" for processing resources
determines the degree to which these resources overlap. Wickens breaks these resources down
into dimensions of stages of processing, codes of processing, visual channels, and modalities,
shown in Figure 1 (Wickens, 2008). Two simultaneous tasks will interfere to the degree that they
overlap in processing code, processing stage, visual channel, or modality (Wickens, 1991). The
third and final component of Multiple Resource Theory is allocation policy which reflects that a

person can consciously direct at least part of their cognitive resources to specific data.
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Methods of measuring mental workload include primary task performance, secondary
task performance, psychophysiological measures (including heart rate or skin conductivity), and
subjective, self-reported operator measures (Byrne, 2011; Ryu & Myung, 2005). While
subjective measures are easy to implement, their interpretation and ability to predict performance
is questionable, as subjective workload is mainly sensitive to changes that are represented
consciously, but not unconsciously (Cain, 2007). Additionally, subjective measures which are
implemented at long intervals may not reflect the true subjective workload throughout the
duration of the test, while subjective measures which are implemented at short intervals can be
destructive to the task at hand. One ubiquitous subjective rating scale is the NASA Task Load
Index (NASA-TLX or TLX), which breaks down workload into the domains of Mental Demand,
&

Physical Demand, Temporal Demand, Performance, Effort, and Frustration (Hart, 2006; Hart
Staveland, 1988).

Measures of task performance are often relevant and easy to justify, but they often have
high variability, lack scientific rigor, and are dependent on the strategy of the subject (Cain,
2007). The analysis of a performance measure (or primary measure) can be augmented with a
secondary task. By using a secondary task which can be manipulated from easy to hard, insight
into the subject's workload level can be uncovered. Psychophysiological measures include
electroencephalography (EEG), eye movement, heart rate, and respiration. The promise of these
measures is that they provide a quantitative result which can be compared across different tasks
and experiments; the downside to these measures is that they often require instrumentation which
is cumbersome and decreases the relevance of the study's scenario. Since a combination of
primary task, secondary task, and subjective rating scales could be implemented with an
exoskeleton, they offered promise in our experimental design. Interpreted together, these

12

measures can provide a comprehensive understanding of the subject's mental workload and
performance.

1.2.4

Dual-Task Military Studies
There have been many applications of mental workload evaluation to military tasks,

especially regarding aviation (Nocera, Camilli, & Terenzi, 2007; Ryu & Myung, 2005) and
drone piloting (Sterling, 2007). In one study, an operational pilot task was combined with an
addition secondary task (requiring the participant to mentally add a series of numbers as they are
heard) which varied in difficulty to manipulate mental workload (Ryu & Myung, 2005). All three
studies incorporated NASA-TLX rating scales (Hart & Staveland, 1988) to inform the analysis of
performance and psychophysiological measurements. Additionally, some work has been done on
infantry tasks, with one study looking at differences in marksmanship and a combatant/noncombatant shooting task with secondary tasks of mathematical problem solving and situational
awareness memory recall (Scribner & Harper, 2001). Another used a similar task while
comparing different auditory and visual displays (Scribner, Wiley, Harper, & Kelley, 2007). The
display study used subjective measures, targets hit and missed, and secondary task (addition
task) completion to evaluate the effect of different auditory and visual displays. The subjective
scales and secondary task design informed our methods development, as we aimed to create a
simulated task (patrolling) with a secondary addition task.
Our objective is to measure the physical and cognitive effects of an exoskeleton.
Therefore, we strove to re-create an operationally relevant task in terms of its physical and
cognitive loading and type. Due to the nature of the exoskeleton design, a patrol or movement
scenario was selected for the operational context, with the subject playing the role of a squad
leader. During movements, warfighters often must communicate with their squadmates and
13

between echelons, synthesizing information in reports and filtering out extra information before
passing it up the chain of command. At the same time, most members of the squad or platoon are
supposed to be visually scanning a sector for enemies. However, controlling an exoskeleton may
increase the user's mental workload as well as change the subject's physical workload. The
interactions between physical and mental workload are not well understood and may differ
greatly by task type and intensity.

1.3

Thesis Outline
This work aims to discover the effects of powered lower-body exoskeleton usage on

warfighter physical and cognitive performance. Another aim is to uncover insights about the
interaction between physical and cognitive loading as it relates to cognitive and physical
performance of patrol tasks, as measured through a dual task design. Through constructing an
extended trial obstacle course, this work aims to advance a technology evaluation methodology
which is operationally relevant and includes an analysis of cognitive workload.
In Chapter I, I have discussed the motivation and prior literature related to this subject. In
Chapter II, I will discuss the methods of constructing my experiment. In Chapter III, I will
present key results and discuss their significance. In Chapter IV, I will summarize the most
important findings, discuss how this contributes, and discuss limitations and future work.

14

2

Methods
This chapter describes the simulated patrol design (including timeline, experimental

tasks, subjects, and exoskeleton), instrumentation, data processing, and data analysis. For this
experiment, subjects completed an obstacle course with added cognitive tasks: a visual scan task
and an auditory addition task. The physical and cognitive load were varied throughout the
course. Data was collected on 12 subjects and analyzed for the dependent variables of task
success rate, reaction time, lag time behind the prescribed pace, and subjective workload scores.

2.1

Subjects
Eligibility requirements were that subjects (1) were between ages 18 - 39 years old, (2) were

not pregnant, (3) had not had any lower body injuries within the previous six months, and (4) had
to have completed basic training in the US military and been serving in active duty or an Reserve
Officer Training Corps (ROTC) unit that trained weekly. To be included, subjects also had to
verify that they had at least two weeks experience conducting a dismounted patrol, ruck
marching, and using the radio regularly. Twelve subjects completed the training, six in each
order. All subjects were male. Subjects were on average 23.4 (1.6 SD) years old, 70.3 (1.8 SD)
inches tall, and weighed 183.5 (17.0 SD) lbs. The study protocol was approved by the MIT
Committee on the Use of Humans as Experimental Subjects and all subjects provided informed
written consent (see Appendix A: Subject Consent Form).
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2.2

Simulated Patrol Design

The study analyzed three different exoskeleton conditions over an identical hour-long
simulated patrol task. Throughout the simulated patrol, physical load was varied through added
weight (42 lbs or 80 lbs) and cognitive load (Low or High) was varied through a radio task. The
three conditions were exoskeleton off (OFF), exoskeleton on and powered (PWR), and
exoskeleton on and unpowered (UNP). During the patrol, the subject followed a confederate
investigator around a loop of obstacles while completing two cognitive tasks: answering
simulated radio calls and pressing a button on a mock rifle in response to target lights. The
priorities were given as (1) identifying and responding to target lights, (2) answering radio calls
accurately and succinctly, and (3) following the confederate investigator at a specified distance.
Subjects were assigned one of two orders of exoskeleton testing (Table 1). Two orders were
chosen due to the initial pilot study sample size, enabling an assessment of learning in a subset of
potential combinations.
Table 1. Subject order.

Order of Trials
Order A
Order B
2.2.1

First
OFF
PWR

Second
UNP
UNP

Third
PWR
OFF

Timeline

The subjects completed the testing over three days. On the first day, the subjects completed
a consent form, a pre-test screening form, and a pre-test questionnaire (see Appendix A: Subject
Consent Form, Appendix B: Pre-Test Screening Form, Appendix C: Pre-Test Questionnaire).
The questionnaire asked about the subjects' athletic history, typical workout regimen, PT test

Time (min)
Exo Condition
Phys. Loading
Cog. Loading

0

Table 2. Sample timeline for just one exoskeleton condition.
6
12
16
22
28
32
38
44
PWR
Light
Low
Low
Low

16

48

54

60

Light
Low

results, dominant foot and hand, and anthropometric measurements (measured by investigator).
Following the paperwork, subjects were fit to the exoskeleton and trained on its usage for one
hour. This familiarization consisted of a series of fitting and training procedures such as walking,
climbing stairs, stopping and starting, and going over small step-over obstacles. During this time,
the investigator ensured a good physical fit by making sure that the exoskeleton's points of
rotation were aligned with the subject's joints. Additionally, the investigator tuned the
exoskeleton's settings to fit the user, adjusting variables such as the amount of torque, knee
extension assistance, and knee flexion assistance (see Appendix F: Fitting Procedure for more
details). Day two and day three consisted of the obstacle course evaluation at University of
Massachusetts - Lowell's New England Robotics Validation and Experimentation (NERVE)
Center. The second day consisted of a training session and the first condition. During the training
session, subjects practiced going over the entire obstacle course with all exoskeleton and loading
conditions. The subject finished the second and third conditions on the third day. Between
conditions, subjects were given an hour break to recover. During the recovery period, the
subjects could use their phones or computers while sitting at desk. Each simulated patrol was
divided into four twelve-minute rounds, which each had a specific physical and cognitive loading
level (e.g., Table 2) and were labeled "Q","X", "Y" and "Z" in sequential order. In between
rounds, subjects had a four-minute break, during which time the rucksacks were switched to
change the physical load. At the end of each hour-long patrol, subjects completed a NASA-TLX
on a computer to measure subjective workload. At the end of all testing, subjects completed a
post-test questionnaire (see Appendix D: Post-Test Questionnaire) asking about the relative
difficulty of each obstacle under the different conditions, the difficulty of completing their three
priorities under all three conditions, and overall comments about their usage of the system.
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2.2.2

Visual Reaction Task

While walking, the subject's primary objective was to scan for blinking target lights on a
light array (five lights spaced at 6 ft intervals) suspended on either end of the obstacle course. At
pre-determined times during the trial, one of the five lights would turn on for five seconds on
both sides. The light was consistent from the subject's perspective (i.e. from the center of the
course, the leftmost light would flash on both sides). The subject's task was to press a button on
a mock rifle as soon as possible to acknowledge the light. Subjects did not have to aim at the
target for this task.

2.2.3

Radio Task
Subjects were asked to respond to radio calls, simulating a squad leader talking over the

radio to his or her team leaders. The radio calls were read by the investigator at predetermined
time stamps. The radio call difficulty was varied to create low or high cognitive load. The low

load task was a simple radio check. The investigator said: "Squad Leader, this is [Alpha] team
leader. Radio check, over." The correct response was: "Roger, over." For the high load task, A,

B, and C team leaders reported in turn with the number of enemies. The subject (simulating a
squad leader's task) was to add the three numbers and report the total number of enemies over

the radio:

Investigator: "Squad leader, this is Alpha Team leader;five enemies, over. Squad leader,
this is Bravo Team leader; three enemies, over. Squad leader, this is Charlie team leader; one
enemy, over."
Subject: "Nine enemies, over.
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While responding, subjects were instructed to hold down a second button on the model rifle, like
a push-to-talk radio. These button events marked the audio file for later processing.

2.2.4

Cognitive Task Timing

For each subject, the timing of the radio and visual tasks were identical for all three exoskeleton
conditions and varied between rounds. For each round, the subjects were given 16 audio (8 low,
8 high CL) and 16 visual prompts. The timestamps for these prompts were based on a desired
distribution of audio and visual tasks shown in Table 3, labeled "A" and "B". Rounds

Q and X

timings were constructed based off the AB pattern (meaning that the first six minutes followed
the "A" schedule while minutes 6-12 followed a "B" schedule) while Rounds Y and Z were
based off a BA pattern (see Table 3).
Table 3. Light and audio task by minute.
A

Min

ts

B

aio Calls

Lights

Radio Calls

0

1

1

1

0

0.5
1
1.5
2
2.5

1
2

0
0
0
1
1

0
1
1
0
1

1
1
2
0
1

0
0
0

3

1

1

0

1

3.5
4

0
1
1
0
1

0
2
1
1

0
0
2
1
1J

1
0
0
0
1

4.5

5
5.5

0
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2.2.5

Obstacles
Walking Surfaces

Step-Over

Inclines/Declines-

Obstacles

-La2

_

Figure 2. Obstacle course layout.
The subjects walked a closed path between two timing gates. Following this path, subjects
walked obstacles consisting of incline/declines, cross-slopes, varied walking surfaces, and step-

over obstacles (Figure 2). The incline/declines were 3 ft long and 2.5 ft high, resulting in a 39.8degree grade. The incline/declines were made of concrete and had sandpaper strips to increase

the roughness of their surface (see Figure 3). The cross slopes were each 22.5 degrees with a
height of 1.5 ft and a length of six feet total. They were made of plywood and two-by-fours and
had sandpaper strips to increase traction for the subject. The five step-over obstacles included
two 1 ft, two 1.5 fi, and one 2 ft heights (Figure 4). The walking surfaces included brick, rocks,

Figure 3. Subject walking over an incline/decline wearing the exoskeleton.

20

and cobblestone (each 24 ft long). The confederate traveled at a rate of about 2 miles per hour
through the course, which is between the US Army's prescribed day rate of march for crosscounty and road marching (Dept. of the US Army, 2017). The confederate kept pace by carrying
a sports watch and timing each length. The subject was instructed to follow the confederate at a
distance of about 10 ft.

Figure 4. Subject navigating the step-over obstacles.
2.2.6

Physical Load

Subjects wore a MOLLE rucksack during the study. The physical load was varied between a
light (42 lb.) and heavy (80 lb.) rucksack. The weight was distributed as to be high on the back
and as close as possible to the subject. Before each round, the subject was given some time to
adjust the rucksack to ensure a good fit. The use of the waist strap and the chest strap was left to
the discretion of the subject. The rest of the rucksack's upper pouch was packed with towels and
cloths to limit rattling and shifting of the weight. The weights used in the experiment were flat,
square steel plates and weighted bags that were normally used in weighted running vests. In all
trials, the subject also carried the exoskeleton battery in the rucksack's lower pouch.
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2.3

Instrumentation
The obstacle course was instrumented with infrared gates to record the subject and

confederate positions for each lap. These gates were connected to light arrays which provided the
visual stimulus for the subject; both devices were connected to Arduinos which allowed all data
to be saved to the investigator's computer. A mock-up rifle (also synchronized through an
Arduino network, shown in Figure 5) was carried by the subject to record response times and
house an audio recorder. The visual reaction button was located on the hand grip of the rifle (as a
trigger would be), colored red, and pressed with the subject's dominant hand. The audio reaction
button was a blue button located on the left side of the mock-up rifle (from the perspective of the
subject) and pressed with the non-dominant hand. Additionally, the subject wore eight IMUs and
a heart rate sensor, which will be described in the following sections.
"Satellite" Arduino

Xbee Radio

Xbee Radio

"Base" Arduino

Data to Investigator's
Computer

Xbee
Radio

Infrared Gate

"Rifle"

Infrared Gate

Arduino
Lights Array

Lights Array
Buzzer

Audio Recorder

Audio Response Button
Visual Response
Button

Mock-Up Rifle - Carried by Subject
Figure 5. Arduino lights and gate network. Three Arduinos ("Base", "Satellite", and "Rifle") are synchronized via
XBee radio. Both Base and Satellite are connected to a light array and two infrared gates at either end of the course.
The mock-up rifle is carried.
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2.3.1

Wearable IMUs

Subjects wore eight OPAL APDM IMUs (Portland, OR) on the feet, shanks, thighs,
sacrum, and sternum (see Figure 6). The IMUs were positioned in same radial location for each
condition. Foot IMUs were strapped to the dorsal side of the foot, with the strap running under

the arch of the subject's foot. Shank IMU's were positioned on the lateral side of the shank, 2/3
of the way towards the knee. Thigh IMU's were positioned on the lateral side of the thigh, 1/2 to
2/3 of the way towards the hip from the knee. The sacrum IMU was positioned slightly above the
subject's own belt line. Finally, the sternum IMU was held by a chest strap. The IMU data was
saved locally and downloaded to the investigator's computer after the condition was finished.
While these data were collected, they were not analyzed for the thesis.

Sternum IMU
Chest Strap
HR Monitor
Sacral IMU

Left Thigh IMU

,Left Shank IMU

- Left Foot IMU

Figure 6. IMU and HR sensor placement on the
subject. Not seen: right thigh IMU, right shank
IMU and right foot IMU
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2.3.2

Heart Rate Data
The subject wore a Polar H10 Heart Rate sensor (Kempele, Finland) attached to a chest

strap (see Figure 6). The sensor was put below the pectoral muscles and slightly to the subject's
left side. The monitor was connected via Bluetooth to the investigator's computer. The first
seven subjects were connected through the HeartRateNow app (BPTK Brainpower); the last five
subjects were connected through the Heart Beat Monitor (ceriboo). This change was made
because the HeartRateNow app would occasionally drop the data and restart itself unpredictably.
Data was saved for each round in a .csv file.

2.3.3

Mock-Up Rifle
A mock-up rifle was carried by the subject. It was cut from wood and housed the visual

and audio reaction buttons. Both buttons were connected to an Arduino Uno, which is an open-

source microcontroller (see Figure 5). The Arduino also was augmented with a XBee board in
order to connect it with the other Arduinos. Additionally, it was connected to a piezoelectric
buzzer which was positioned near the audio recorder. The buzzer played different tones
corresponding to the start/end of a round, the visual reaction button, audio button press, and

audio button release. These tones marked events that were labeled in post-processing. The rifle
Arduino was powered with a 9V battery. Audio was recorded through a digital recorder
(Vandlion Model V30) attached to the model rifle. The recorder was left on for an entire
condition. Time was recorded between the end of the audio prompt and the tone of the audio
reaction button.
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2.3.4

Arduino Light and Gate Network
There were two other Arduinos in the network, one at either end of the obstacle course.

The Base Arduino was connected to the Satellite and Rifle Arduinos through Xbee radio (see
Figure 5). The Base Arduino was also connected to the investigator's computer; it received the
information from the other Arduinos and saved it as a text file. Both the Base and Satellite
Arduinos were each connected to two Passive Infrared (PIR; PIR Motion Sensor, adafruit
product id: 189) gates which kept track of when the confederate and subject walked through the

gate and thus completed a lap. The sensitivity and delay time of the PIR gates were tuned before
the experiment and were focused in direction by using a cardboard tube. They were tuned to
trigger as a person passed at a normal walking speed and were checked at various walking speeds
to ensure they would work reliably.

2.3.5

Synchronization
Since reaction time was being measured, the synchronization between the three

Arduino's had to be precise. Originally, the Arduinos were synched with a slow-motion camera.
However, there was still an issue because the Arduino's clocks would drift over time. In
component testing, the drift was about 0.5 seconds over the course of a 720 second round. To
combat this drift, a synchronizing protocol was added where the Satellite and Rifle Arduinos
would send a message with their timestamp to which the Base station would tack on its

timestamp. Though this would allow the drift to be calculated for each round, it was found in
further testing that the drift was identical for each test. The drift grew linearly over time, so the

Rifle timestamps were modified in data processing through a simple linear equation (Equation

1).
TimeNew =

0.9991808 - TimeOld + 50.213
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(1)

Where Time is in milliseconds.

2.4

Exoskeleton
The exoskeleton used was the B-Temia (Quebec City, QC) Knee Stress Relief Device (K-

SRD) Military Exoskeleton (shown in Figure 7). The K-SRD weighed 22 lbs. and was actuated
at the knee. The exoskeleton consisted of solid linkages from the shin-plate to the knee and from
the knee to the hip only. Therefore, it did not transfer any of the weight borne by the subject to
the ground. It was attached by cloth straps at the foot, shin (2x straps), thigh (2x straps), and by a
belt worn by the subject. Subjects all followed the same fitting protocol in which, after fitting,
the fit was analyzed in positions including standing, sitting, kneeling, squatting, and walking.
The investigator used a fitting checklist to validate the fit in each of these positions (see
Appendix F: Fitting Procedure).

Figure 7. Front, side, and back views of the K-SRD exoskeleton.

26

The exoskeleton was then connected to power. The subject used the exoskeleton while
the investigator completed the second half of the fitting protocol which tuned the parameters of
the devices' firmware to best suit the subject. First, the subject was "calibrated" - a process in
the exoskeleton software which records the default knee flexion angle for a subject while
standing straight, with feet parallel and looking straight ahead. Then, the investigator moved
through the tunable parameters in order of most to least important while the subject walked
forward and over obstacles. Some of the main parameters were the knee offset angle, amount of
flexion assistance, amount of extension assistance, eccentric control, and extension assistance in
the weight bearing phase.
This protocol was completed on the first day of testing. The subjects' profile could be
saved on the device for the next two days of testing. On the second and third days, the subject
could notify the investigator to make changes in the parameters. This was strongly encouraged
by the investigator during the training condition. After being finalized during the training
condition, none of the subjects requested changes to the parameters once the testing began.
During testing, the exoskeleton was adjusted at times when it would physically migrate on the
subject. Generally, this was done during the breaks between rounds. These adjustments were
mostly tightening straps on the exoskeleton, moving the exoskeleton up the body and retightening, and fixing the wearable IMU position on the body.

2.5

Data Analysis
The core task data came from three sources: the audio recordings of the session, the

Arduino serial output (saved to .txt files on the computer), and hand-entered subject and
questionnaire data. The audio data required a pre-processing step where the investigator
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tabulated the timestamps of interest (marked by tones played at button presses and the end of
audio prompts) in the audio editing software Audacity. Python 3.6 (Beaverton, OR) was used to
combine the audio timestamps, Arduino serial output, and questionnaire data into one file (see
Figure 8). The audio data and visual data was retroactively synchronized through a buzzer which
played through the Arduino (serial/visual data network) and could be cross-referenced between
the timing on the serial output and the audio recordings. The final file (.csv) included data points
which could be categorized into three types of events: a visual task event, audio task event, and a
physical task event (gate pass). In addition to task-specific information, each data point also
included timestamps, loading condition, round, condition, NASA-TLX, and subject-specific
information. Audio reaction times were defined as the time from the end of the prompt to when
subjects pressed the response button. Visual reaction times were recorded from the timestamp of
the light flashing until the subject pressed the visual response button.
An additional metric was formed from the gate pass data called Incremental Lag Time
(ILT), derived from the Lag Time (LT) and defined as:
ILTN= LTN

-

LTN

[2]

where LT is the elapsed distance between the confederate and the subject crossing a timing gate.
This variable was selected because it would treat each lap as an independent event. In contrast,
had Lag Time been used, the laps would not be independent. For example, if a subject lagged
behind the confederate 10 seconds at the beginning of a round and maintained pace, the later
rounds would still show the same lag time even though the subject is maintaining the goal pace.
The subsequent statistical analysis was completed in both MATLAB 2017b (Natick, MA)
and Python 3.6, specifically the NumPy, Pandas, and Seaborn modules. ANOVA analyses were
completed in MATLAB.
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Visual Reaction Time
Visual Hit/Miss
Lag Time
Incremental Lag Time
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Figure 8. Combining data sources.

-

Each of three dependent variables - visual reaction time, audio reaction time, and ILT
were fit for an N-Way ANOVA model including the independent variables of order, subject

(nested within order), exoskeleton condition, physical load, and cognitive load. All interactions
between these independent variables were included. For each dependent variable, residuals were
visually analyzed to ensure that they approximated a normal distribution. Two of the dependent
variables (visual reaction time and audio reaction time) were transformed (f [x] = log io[x]) to
better approximate a normal distribution. All factors with p-values less than 0.05 were analyzed
in post hoc analysis. Post hoc analysis was conducted through a Tukey HSD test. ILT variances
were compared with a Levene's test for both the omnibus and post hoc comparisons.

For visual reaction time, the residuals from the ANOVA model were still very non-normal; a
Kruskal-Wallis was conducted on the factors which approached significance in the ANOVA
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model. The factors which were significant in both the ANOVA and the Kruskal-Wallis test were
analyzed post-hoc with a Wilcoxon signed-rank test.
NASA-TLX data was also analyzed with an N-Way ANOVA. Each TLX data point was a
rating 0 - 100 and had a corresponding subject, condition, and workload domain type (Type).
Significant results were analyzed with a Tukey HSD multiple comparison test.
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3

Results
This chapter will discuss relevant performance on the visual task, audio task, and follow

task. The visual and audio tasks were evaluated by hit/miss rate and reaction time. The follow
task was evaluated for mean ILT and ILT variance. Subjective ratings from the NASA-TLX
were also considered. The results reveal that cognitive and physical performance on the obstacle
course were influenced by Subject, exoskeleton Condition, Physical Load, Physical
Load*Cognitive load interaction, and Subject* Condition interaction effects.

3.1

Data Completeness
There were a few losses of data that occurred during testing and parsing. The audio data

was lost for two exoskeleton conditions (Subject l/UNP and Subject 3/PWR), meaning that there
were no audio reaction times or hits/misses for those two subject/conditions. Additionally, some
of the visual reaction time data dropped out due to flaws in the Arduino network; many Rounds
were missing one or two out of an expected 16 visual events. Still, both audio and visual data
were slightly above 88% complete. Gate pass (ILT data) was 85.3% complete; laps that were
missing were interpolated between the time of the previous and next laps. NASA-TLX data was
100% complete.
Table 4. Total number of samples for visual, audio, and gate pass events, for each exoskeleton condition

Exo

Condition
Visual Events

684

663

682

768

Audio Events

758

638

693

768

Gate Passes

1961

1924

2012

2304

31

3.2

Visual Task
Visual reaction data was analyzed by hit/miss ratio as well as visual reaction time. The

hit/miss ratios were analyzed by tabulating the hits and misses and computing the chi-square
statistic. Since the visual reaction time data did not meet normality requirements, the data was
analyzed using a Kruskal-Wallis test followed by a Wilcoxon signed-rank test (with a Bonferroni
correction) for post hoc comparisons.
Visual hit rate was significantly different between subjects (x2 (11) = 58.0, p < 0.001),
physical load (X 2 (1)

=

6.07, p = 0.014), round (x2 (3)= 8.32, p = 0.039), Subject*Condition

interaction (x2 (22) = 40.6, p = 0.009), and subject*physical load interaction (x 2 (11) = 20.03, p
0.045). When pooling for subjects, the rate at which subjects missed visual cues went from 9.3%
to 13.2% when moving from the light to the heavy rucksack. The heavier rucksack could have
caused the subjects to adopt a greater forward lean, causing them to not look up as often while
walking. Alternatively, the subjects could have been more focused on carrying the heavier
weight.
Subjects also missed more visual cues depending on the round. These percentages are
shown in Table 5. In a t-test for proportions, it was found that

Q was significantly

lower than X

(p = 0.009) and Y (p < 0.001). As X and Y were "Heavy" rounds, it is reasonable that they have
a higher percentage of misses than Q.

Table 5. Visual Hit/Miss rate by round.
Round
Q
X
Y
Z

Misses

Hits

41
63
67
56

523
504
483
519
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Miss

Prna
Percentage
7.8%
12.5%
13.9%
10.8%

The Subject*Condition effect also showed a difference between conditions for the
subjects; pooling all subjects the percentage of misses was 7.9%, 11.6%, and 10.6% for OFF,
PWR, and UNP conditions, respectively (note: these percentages are not perfectly proportional to
the number of misses because for a few rounds, the data was incomplete). The full table is shown
in Table 6. While we are presenting the interaction effect of Subject*Condition, it is important to
note that the main effect of condition was nearly significant (x2 (2) = 5.913, p

0.052), with the

Table 6. Visual cue misses by Subject and
Condition. Number of misses are shown in each cell.
Subject OFF
1
2
3
4
5
6
7
8
9
10
11
12
Total

Exo Condition
UNP
PWR
5
8
3
9
0
4
8
10
2
4
0
5
12
16
10
4
6
3
6
1
4
8
11
7
87
59

17
4
8
6
5
1
9
9
0
7
4
11
81

interaction effects showing relevant differences across subject. These results indicate that
generally the subjects were more successful at scanning for target lights while in the OFF
conditions, while generally fewer differences existed between the UNP and PWR conditions.
The difference between OFF and UNP/PWR could be due to the subject adopting greater
forward tilt with the exoskeleton (this could be further analyzed with the IMU data), using some

of their attention to interact with the unpowered components of the exoskeleton, or causing a
change in cognitive state which is making them less vigilant.
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Initially, an ANOVA analysis was conducted on the visual reaction time data. The data
was transformed with the function y = logio(x). Since the residuals were not normally distributed,
the ANOVA results were used to inform Kruskal-Wallis tests on the variables which were
significant or close to significant. The variables passed on to the Kruskal-Wallis analysis were
Subject, Condition, and Subject*Condition. A Kruskal-Wallis test of visual reaction time
confirmed significant differences for Subject (X2 (11) = 286.1, p < 0.001), Exoskeleton Condition
(X (2)= 17.0, p < 0.001), and Subject*Condition (X (35)= 347.0, p < 0.001).

5-

3I
L)

1I
0
U

*I
OFF

PWR
Exoskeleton Condition

UNP

Figure 9. Visual Reaction Time by exoskeleton condition. Significant differences are
denoted with "*".

There were significant differences in visual reaction time between conditions. Both OFF
(median = 0.79 s) and UNP (median = 0.8 1s) had significantly faster reaction times than PWR
(median = 0.92 s, p < 0.001), as shown in Figure 9. Since the difference between PWR and UNP
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is only the actuation of the exoskeleton motors, it is possible that the actuation of the exoskeleton
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Figure 10. Visual Reaction Time by Subject. Intra-subject significant differences (a= 0.0167) are denoted with

"*".

As can be seen in Figure 10, there were stark differences between subjects and a high level
of both inter-subject and intra-subject variability for visual reaction time. Although subject
interaction effects are often not considered in repeated measures analyses, for this thesis, we
Table 7. Significant differences (p < 0.0 167) between exoskeleton conditions
for each subject. The condition with the lower visual reaction time is printed
along with the difference between median reaction times for each condition.

v UNP

Subject

OFF v PWR

OFF

1

OFF, A=0.72

OFF, A=0.79

N.S.

2

N.S.

N.S.

N.S.

3

OFF, A=0.1

UNP, A=0.09

N.S.

4

N.S.

N.S.

N.S.

N.S.
N.S.

UNP, A=0.11
UNP, A=0.15

5
6

OFF, A=0.06
OFF, A=0.04

PWRvUNP

7

N.S.

N.S.

UNP, A=0.47

8

OFF, A=0.34

OFF, A=0.36

N.S.

9

OFF, A=0.18

N.S.

N.S.

10
11

OFF, A=0.36
OFF, A=0.13

OFF, A=0.22
N.S.

N.S.
UNP, A=0.2

12

PWR, 1=0.06

N.S.

PWR, 1=0.02
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were also interested in differences in subject performance for each exoskeleton condition.
Therefore, the interaction effect of Subject* Condition was also considered. Significant
differences between Subject*Condition groupings were found, meaning that subjects had a
different response to wearing the exoskeleton. These differences between subjects are shown in
Figure 10 and summarized in Table 7. Save for Subjects 3 and 12, all significant differences
between OFF and both UNP and PWR were in favor of the OFF condition; subjects typically had
the fastest reaction time with OFF compared to PWR. Three subjects (1,8, and 10) had a much
faster reaction time with the OFF condition compared to both UNP and PWR. Other subjects (i.e.
5, 6, and 11) had a faster reaction time with both OFF and UNP compared to PWR. These
differences could be an indicator that some subjects took more energy and attention to interact
with the purely mechanical aspects of the exoskeleton (i.e. weight, bulk, their new range of
motion) while others were specifically burdened by a conflict with the powered components (the
exoskeleton's control and applied assistance). Overall, these data highlight that the effect of the
exoskeleton on performance depends on the user of the exoskeleton.

3.3

Audio Task
The audio task was analyzed for hit/miss ratio and reaction time. The hit/miss ratios were

analyzed by tabulating the hits and misses and computing the chi-square statistic. The audio
reaction time was transformed (y = logio[x]) analyzed using an n-way ANOVA model with the
independent variables of Subject, Condition, Physical Load, Cognitive Load, and Order.
Significant differences were found in hit/miss ratios and the audio reaction time.
Originally, there were two Hit/Miss indicators for the audio task. One was whether the
subject answered the prompt. The second was whether the subject answered the prompt
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correctly. Since all subjects answered every prompt they were given, the hits and misses in this
section will reflect solely whether the subject answered the prompt correctly. There were
significant differences in audio hit/miss ratio based on Subject (X 2 (11)= 26.5, p = 0.006),
Condition (X 2 (2)= 6.61, p = 0.037), Cognitive Load (X 2 (1)

=

17.34, p < 0.001), and the

interaction effect of Condition*CL (x 2 (2) = 7.4, p < 0.025). The interaction effect of
Subject*Condition (X 2 (22) =25.075, p = 0.0685) was nearly significant. No easy prompts (radio
check prompts, corresponding to Low CL) were missed, yielding the strong significance of
hit/miss ratio by CL. Subject differences ranged from 0% to 4.6% miss rate.
There were significant differences between audio hit/miss rate by exoskeleton condition
between OFF and PWR (x2 (1) = 5.15, p = 0.023). As shown in Table 8, subjects were most
likely to answer incorrectly while in the PWR condition, while there was no between the OFF
and UNP conditions.
Table 8. Audio Hit/Miss Rate by Condition.

%

Audio Hits/Misses by Condition
Condition Hit
Miss
Miss
OFF
755
3
0.40%
PWR
628
10
1.57%
UNP
689
4
0.58%

An N-Way ANOVA yielded significant differences in mean audio reaction time by Subject
(F(10) = 17, p < 0.001), Condition (F(2) = 6.93, p = 0.006), and Physical Load*Order (F(1)
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Figure 11. Audio Reaction Time by Subject.

6.39, p = 0.029). Overall, audio reaction times were faster than visual reaction times, with
qualitatively less variance (shown in Figure 11). There were no significant differences in
PL*Order groups during post-hoc comparisons, so that effect is not considered in the following
analysis.
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Figure 12. Distribution plot of Audio Reaction Time by exoskeleton Condition
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3.0

Mean audio reaction time differed by Condition (see Figure 12). The UNP condition (mean
0.221 s) had significantly faster mean reaction times than both OFF (mean = 0.309 s, p <
0.001) and PWR (mean = 0.327 s, p < 0.001). The cause of this difference is unknown. One
possible explanation could be a combination of fatigue and learning effects, as the UNP
condition was always the first condition subjects faced on the second day of training. The PWR
and OFF condition was either tested second on the first day (after training on the obstacle course)
or after UNP on the second day, depending on the order of the subjects.
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3.4

Follow Task

3.4.1

Differences in Mean ILT
The follow task, specifically incremental lag time (ILT) was also considered. ILT did not

meet normality assumptions, but since it did not appear normal and was not improved by
transformation attempts, it was not transformed. The ILT was first analyzed using a N-Way
ANOVA followed by Tukey HSD for post hoc comparisons. The ANOVA yielded significant
differences in ILT by Physical Load (F (1)= 5.5, p = 0.041), Subject*Condition (F (20) = 8.44, p

= 0.002), Condition*Cognitive Load (F (2)

=

4.14, p = 0.03 1), PL*Order (F (1)

=

8.03, p =

0.018), and PL*CL*Order (F (1)= 5.75, p= 0.037). The differences in Subject*Condition and
Subject*CL were supported with a Kruskal-Wallis test (Appendix G: ANOVA Analyses). ILT
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Figure 13. Incremental Lag Time by Order*PL*CL Effect Groups. Significant (p < 0.05) differences between means

was also grouped by variables of interest and analyzed with Levene tests to see which groups had
different variances. The Levene tests yielded significant differences by Subject, condition,
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Physical Load, Cognitive Load, and Subject*Condition (all p < 0.001) as well as most
interactions between these groups.
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Figure 14. Incremental Lag Time by Subject and Condition. Significant (p <0.05) intra-subject differences
are denoted with a

In post hoc comparisons of mean ILT, there were no significant differences based on
Physical Load or Physical Load*Order. When ILT was grouped by cognitive load, there were no
differences between conditions. CL*PL*Order likewise only yielded a difference in group means
between {Order 0, Low CL, Light PL} and {Order 0, Low CL, Heavy PL} (p = 0.009, A

=

0.3 53

s, see Figure 13). When comparing conditions for each subject, the only significant difference in
ILT was for Subject 1. For that subject, UNP had a significantly higher mean ILT with the UNP
condition (mean = 3.08 s) compared to the PWR (mean = 0.13 s) and OFF (mean = 0.08 s)
conditions (see Figure 14).

3.4.2

Differences in ILT Variance

There were significant differences in ILT variance by Condition, as shown in Figure 16. The
OFF condition had the lowest ILT variance (s2 = 2.54 seconds 2) which was significantly lower
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than the variance of UNP

(S2

= 6.91 seconds 2, W = 344.6, p < 0.001) and PWR (s2 = 4.95

seconds 2 , W = 119.6, p < 0.001). PWR variance was also significantly lower than UNP (W

=

55.5, p < 0.001). The tie between exoskeleton condition and ILT variance could be a matter of
physical load. As will be seen in section 3.5 Subjective Ratings, subjects scored the UNP
condition as the most physically demanding, followed by the PWR condition, and the OFF
condition. Following the confederates pace was very physically demanding; subjects could have
caught up and lagged the confederate "in spurts" as a strategy. Alternatively, the mass and
weight of the exoskeleton could have made following at a constant pace more difficult. When the
variance of exoskeleton conditions were compared for each subject, only Subject 1 had
significant differences between conditions (Figure 14).
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Figure 15. Distribution plot of Incremental Lag Time by Exoskeleton Condition.
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There was also a significant difference in ILT variance by physical loading setting (see
Figure 15). The Heavy PL setting variance (s2 = 4.95 seconds 2 ) was significantly higher than the
Light PL setting variance (s2 =4.15 seconds 2, W = 31.8, p < 0.001). The heavier weight could
have made it more difficult for the subject to keep a sustainable pace behind the confederate and
caused subjects to rely on a lag-catch up strategy. Alternatively, the heavier weight could have
caused the subjects to take more time on the step over obstacles and they would have to catch up
on the walking surfaces obstacle.
0.5
-

Light

Heavy
0.4-

>1
0.3U
C:
41)
C.

" 0.2-

0.1-

0.0

-6

-4

2
0
2
Incremental Lag Time, seconds

4

6

Figure 16. Distribution Plot of Incremental Lag Time by Physical Loading Setting

There were significantly different variances between the two Cognitive Load groups (see
Figure 17). The High CL setting variance (s2 = 4.37 seconds 2) was lower than the Low CL
setting variance (s2 = 5.22 seconds 2, W = 14.3, p < 0.001). The reason for this difference is
unknown.
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Figure 17. Distribution Plot of Incremental Lag Time by Cognitive Load setting

Mean ILT is a physical performance measure, as one of the subject's given priorities in the
simulated patrol was to keep a constant distance behind the subject. Subjects lagging a large
distance behind the confederate would reflect that the physical demand was too high for their
capacity. ILT variance can also be taken as a physical performance measure, but one that could
be related to an excess of physical demand and/or an excess of attentional demands. Subjects
could have been focused on completing other tasks (i.e. visual or audio tasks) and simply not
been paying attention to how far behind the confederate they were lagging. On subsequent laps,
the subjects would need to catch up, which drove the variance higher. In short, ILT variance
decrements can be related to increases in physical load (supported by both NASA-TLX physical
ratings and the dependence of ILT variance on PL) but also should be considered in the cognitive
analysis as a "third" task.
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3.5

Subjective Ratings
Subjects performed a NASA TLX at the end of each exoskeleton condition. Rather than

just take the overall scores, the scores within each workload domain were also considered,
including overall rating. The ratings were analyzed in an N-Way ANOVA using Subject,
Condition, and Type (NASA TLX workload domain) as independent variables and post-hoc
analysis was completed with Tukey HSD tests. All three (Subject, Condition, and Type) were
shown to have a significant effect on the TLX rating (p < 0.001). The overall rating (a weighted
average of the workload in each domain) for all 36 Subject*Condition combinations are shown
in Figure 18.
Subjective rating overall scores were consistently lower with the OFF condition (mean =
42.8) compared to the PWR (mean = 62.1, p = 0.026) condition and the UNP condition (mean =
63.3, p = 0.017). The UNP and PWR conditions were not significantly different. Out of 12
subjects, 11 had the lowest overall TLX rating with the OFF condition.
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Figure 18. NASA-TLX Overall Scores for each Subject* Condition combination. Scores could range from 0 (very
low workload, easy) to 100 (very high workload, hard).

There were numerous differences between TLX workload domain ratings. The Physical
domain had the highest average rating (69.7) and the Frustration domain had the lowest average
rating (31.7). Within some workload dimensions, there were significant differences between
ratings when grouped by exoskeleton condition (see Figure 19). In both the Physical and Effort
domains, UNP was rated as the highest workload, PWR as the middle, and OFF as the lowest.
These results are reasonable at least with respect to UNP and PWR conditions; one would expect
the unpowered exoskeleton to be more physically demanding to move and thus also require more
effort. Within the Frustration domain, PWR scores were significantly higher than OFF scores.
One qualitative observation from testing was that some subjects struggled with the step-over
obstacles with the PWR condition. As the subject stepped over the step-over obstacle sideways,
the exoskeleton would sometimes "kick", causing an unnatural disturbance of the foot's path and
sometimes the subject's balance. Although the exact state of the exoskeleton and its control
algorithms are unknown, it is reasonable to assume that the exoskeleton was still trying to assist
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the subject in walking mode by extending the knee joint. Subjects were visibly frustrated by
these disturbances.
The TLX data was generally consistent with the dependent variable data. Physical domain
ratings were consistent with ILT variance. Performance on the visual task hit/miss rate and
reaction time were reflected in the mental, temporal, and frustration domains. However, the
decrease in audio reaction time for UNP in relation to PWR and OFF was not manifested in a
difference in TLX rating, supporting that this result may have been due to a fatigue effect from
the order.
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Figure 19. NASA-TLX Ratings by Workload Domain and Exoskeleton Condition. Significant differences (p <0.05)
are denoted with "*".
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3.6

Summary of Condition Comparisons
All dependent variable metrics are presented in Table 9 for condition. When donning the

powered exoskeleton (OFF --* PWR), performance decreased for visual reaction time, audio hit
rate, and ILT variance. PWR also had a higher TLX score than OFF. When donning the
unpowered exoskeleton (OFF -> UNP), audio reaction time increased, but ILT and TLX rating
Table 9. Differences between Exoskeleton Conditions. Percentages reflect changes in the
dependent variable in condition B as compared to condition A, as a percentage (an A - B
example is column 2: OFF -- PWR). Significant differences are highlighted in yellow.

Dependent Variable

OFF + PWR OFF 4 UNP UNP 4 PWR

Visual Hit Success Rate (%)
Visual Reaction Time (s)
Audio Hit Success Rate (%)
Audio Reaction Time (s)
Incremental Lag Time (s)
Incremental Lag Time Variance
Overall NASA-TLX Rating

-3.66%
18.47%
-1.17%
5.85%
25.87%
94.90%
45.00%

-2.68%
5.09%
-0.18%
-28.32%
134.78%
171.80%
46.98%

-0.98%
12.72%
-0.99%
47.67%
-46.39%
-28.30%
-1.35%

increased. The comparison between UNP and PWR yielded interesting results. It appears that
subjects had a higher cognitive performance with the UNP condition, supported by higher hit
rates and lower reaction times. However, subjects had better physical performance with the PWR
condition compared to the UNP condition, supported by lower ILT variances. Since the only
difference between these conditions was actuation by the exoskeleton, this could mean that the
exoskeleton's assistance helped the subject physically at a cognitive cost. This cost could be
related to the subject maintaining balance in reaction to an external force, the subject modifying
their walking patterns to make the exoskeleton function as efficiently as possible, or another
unknown interaction effect between the subject and exoskeleton that limited attention to the
secondary tasks. Alternatively, the higher physical demand the subjects experienced (supported
by TLX Physical Domain ratings) could have caused the subject to perform better on cognitive
tasks solely by being in a more attentive state. Simple tasks requiring top-down control (such as
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a visual scan task) can cause boredom in subjects; in this underloaded state, subjects can
experience decrements in performance (Pattyn, Neyt, Henderickx, & Soetens, 2008). It is worth
noting that these cognitive tasks are limited to perception and simple response and do not include
more abstract executive functions such as the projection of future states.

3.7

Subject Differences

There were significant Subject*Condition interactions for most of the dependent variables. The
significant differences are summarized by subject in Table 10. Differences in performance across
subjects could be an indication of a poor fit of the suit to the subject physically and/or
cognitively. For some subjects, their attention may be redirected based on limitations in the
human-exoskeleton fluency (the degree of cooperation between the exoskeleton and subject).
Further evaluation of the subject's data (e.g., anthropometry, athletic history, movement patterns)
may provide insight on if there are indicators for better exoskeleton users. Gathering more
subject data could predict good exoskeleton users, such as the individual's motor control
strategies and executive function performance. Understanding the Subject*Condition interaction
could yield operational improvements in subject selection, exoskeleton development (including
mechanical and control design) and exoskeleton training.

49

Table 10. Significant differences in dependent metrics between exoskeleton conditions or all 12 subjects. For readability, only the
significant increases (T) or decreases (1) in dependent metrics are presented. TLX differences over 12.5 are presented as significant.

Subject

2

4

5
6
7

+

OFF 4 UNP

UNP > PWR

Total misses t, VRxnT t, ARxnT t,
Mean ILT t, ILTVar t, TLX t

Visual Misses t, VRxnT t, Audio - No
Data, Mean ILT t, ILTVar t, TLX t

Audio Misses t, Visual Misses 4,
Audio- No Data, ILT Var 4

Total Misses T, ARxnT 4-, ILT Var t

ILT Var t, TLX t

Visual Misses 4, VRxnT 1', Audio - No
Data, ILT Var 4, TLX t

Visual Misses t, VRxnT 4, TLX t

ILT Var 4

ARxnT 4, ILT Var t

ARxnTs4, ILT Var t, TLXT

ILTVar4

OFF

PWR

VRxnT t, ARxnT t, ILT Var

ILT Var t, TLX

Visual Misses t

t

VRxnT t, ILT Var

Visual Misses

tTLX

8

Visual Misses T, VRxnT t

9

VRxnT t, ILT Var t, TLX

10

Visual Misses t, VRxnT t, TLX t

11

Visual Misses 4, VRxnT T, ILT Var t

12

ILT Var t, TLXT

4

t

VRxnT t, TLXT

Visual Misses t, VRxnT T, TLX T

T

, TLX

t, VRxnT t, ILT Var 4,

Visual Misses t, VRxnT t, TLX t
I LT Var t, TLX 1

1LT Var 4, TLX4

Visual Misses t, VRxnT t, ILT Var t

ILT Var 4

Visual Misses 4, ILT Var
TLXt
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1

VRxnT T, TLX T
VRxnT 4

4

Conclusion
This chapter will begin by describing the important findings of this work, specifically the

findings related to the effect of exoskeleton condition and loading setting on physical and
cognitive performance. Next, limitations will be discussed as well as promising areas of future
work. Finally, research contributions will be discussed.
For this thesis, physical and cognitive performance was evaluated with three different
exoskeleton conditions under varying levels of cognitive and physical load. The hypothesis that
exoskeleton condition and loading setting would affect the subjects' ability to complete a visual,
audio, and follow task (specifically the performance metrics of visual and audio hit/miss rate and
reaction time, mean ILT and ILT variance, and subjective scores) were evaluated.

4.1

Findings
The data support mixed results for both hypotheses. As shown in Table 9, there were

significant condition effects for many cognitive performance metrics, ILT variance, and overall
subjective rating scores. Subjects performed better in visual reaction time, audio success rate,
and TLX rating for OFF compared to PWR. Comparing UNP and OFF, subjects had lower TLX
scores with OFF, but had lower audio reaction time with UNP. Compared to UNP, subjects had
higher visual reaction times, audio reaction times, and missed more audio cues when they used
the PWR condition. Subjects performed best in the follow task (supported by differences in ILT
variance) with the OFF condition, next best with the PWR condition, and the worst with the UNP
condition. It does appear that exoskeleton use negatively affected the subjects' cognitive
performance, but the mechanism behind this decrement is not known. While statistically
significant differences were found, it remains to be determined what differences are
operationally relevant.
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The results also shed light on the importance of considering the Subject* Condition
interaction, as some subjects' performances improved with PWR or UNP conditions, while other
subjects' performance got worse with the same conditions. Operationally, the understanding of
subject-exoskeleton fit is extremely important, as the exoskeleton can be thought of as a vehicle
for which an operator can be selected and trained just as there are specialized pipelines for
weapons systems and vehicles for all other types of military equipment. This study examined
early adaptation; longer training in the suit may generate different results.
The study also found that the amount of loading affected physical and cognitive
performance. Physical load setting had a generally straightforward effect on performance, as
more weight increased visual reaction time, visual hit rate, mean ILT, and ILT variance. Less
intuitive is the effect of cognitive load on the dependent measures. High cognitive load only
impacted ILT variance, with High cognitive load decreasing the ILT variance. It is possible that
subjects became bored with simulated patrol task and the harder audio prompts (High CL)
sections of the test actually increased their arousal level closer to optimal.

4.2

Limitations
While this study was designed to be operationally relevant to an exoskeleton used by a

dismounted warfighter in a patrol or tactical movement scenario, clearly there is no perfect
simulation for an actual military operation in a combat zone. The study strikes a balance between
reproducible, generalizable tasks and realistic, operational tasks for deployed warfighters. The
daily tasks they must complete are numerous and diverse; the audio and visual task seek to at
least approximate these tasks into the two main streams of data input and output but cannot
account for all the nuance in a dismounted warfighters' mental demands. Furthermore, the
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rucksack weights and obstacles were meant to be operationally relevant, but warfighters often
carry even more than the 80 lb loads used in this study.
The exoskeleton operation experience of the subjects was a limitation in the study as well.
No subject had experience using exoskeletons before the testing; by the end of testing, they were
still far from an expert user. Subjects had approximately 2 hours of training before beginning
their first exoskeleton condition trial. From an investigator's perspective, the learning curve
appeared not to be in the interaction of the exoskeleton actuation with the subject's movement
pattern, but rather the subject learning when to re-adjust the exoskeleton straps to best aid
performance. Furthermore, the study is limited to studying one particular exoskeleton; there are
currently several other exoskeleton products and prototypes which differ in design purpose,
actuation type and location, and control system. For this study, the controller was not optimized
for each obstacle. Parameters were tuned to perform well across all obstacles on the course and
were not necessarily the optimal controller for each individual obstacle.

4.3

Future Work
Future work will examine the IMU data taken from this study to see how important gait

parameters change while using the exoskeleton, including stride length, stride frequency, stride
width, and percentage of time in single/double support. The smoothness of movement over the
step-over obstacles could also be examined as a measure of human-exoskeleton coordination.
The hypothesis of increased forward lean causing worse performance on the visual reaction task
could also be evaluated.
Since this study had many Subject*Condition interaction effects, human-exoskeleton
fluency should also be researched. Opportunities include understanding the learning curve of
exoskeleton operation and understanding how it differs between operators. Understanding what
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variables can predict good exoskeleton operators is of interest, as that would guide user selection
and training. Military doctrine, exoskeleton development, user selection, and training will all be
influenced by user-exoskeleton interactions.
A separate project should also investigate the fundamentals of interference between an
exoskeleton and cognitive tasks. Is the exoskeleton taking mental resources to maintain balance,
to learn how to move with passive or active components, or to anticipate the exoskeleton's
assistance levels? Are the mental resources required consciously or unconsciously applied? Can
the user tell that the exoskeleton is consuming attention? What type of cognitive tasks interfere
with user-exoskeleton interaction?
I believe that the simulated obstacle course design used in this study could be improved
and applied to other technologies relevant to the dismounted warfighter. In future work, it would
be useful to have more levels of difficulty in the audio task to better examine the interactions of
an introduced technology and cognitive load.

4.4

Research Contributions
While lower-body, augmentation exoskeleton prototypes are becoming more widespread

and more widely-studied, few studies consider the cognitive effect of this technology on the user.
This study began to uncover the interaction between an exoskeleton and other cognitive tasks.
Additionally, we advance a human-centered testing methodology which is both comprehensive
and operationally-relevant. This simulated patrol obstacle course seeks to expand analysis
outside of linear walking or treadmill walking and introduces both operationally-relevant weight
and generalizable cognitive tasks.
Overall, results from this body of work can help inform exoskeleton design, evaluation,
and research. The results highlight the need to not only consider the physical changes brought
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about by an exoskeleton, but also the cognitive changes in performance and subject-specific
effects as well.
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Appendix A: Subject Consent Form
CONSENT TO PARTICIPATE IN
NON-BIOMEDICAL RESEARCH
The Effect of Physical and Cognitive Load on Performance While Using an Active Lower-Body
Exoskeleton

You are asked to participate in a research study conducted by Blake Bequette, Eric Jones, MS, and
Leia Stirling, PhD, from the Man-Vehicle Lab at the Massachusetts Institute of Technology
(M.I.T.) and Charles Stark Draper Laboratory, Inc. The results will contribute to a thesis project
by Blake Bequette. You were selected as a possible participant in this study because of your
experience in the military. You should read the information below, and ask questions about
anything you do not understand, before deciding whether or not to participate.
.

PARTICIPATION AND WITHDRAWAL

Your participation in this study is completely voluntary and you are free to choose whether to be
in it or not. If you choose to be in this study, you may subsequently withdraw from it at any time
without penalty or consequences of any kind. The investigator may withdraw you from this
research if circumstances arise which warrant doing so.
Your participation will be terminated if you are injured. Additionally, there will be a
familiarization period with the military tasks relevant to the study; if you are not proficient in these
tasks, your participation will be terminated.
Professor Stirling may be your advisor or teach a class you are taking. Your grade or student status
is not affected by participating in this study.
.

PURPOSE OF THE STUDY

This study is part of an overarching goal to evaluate the performance differences of
dismounted soldiers when using new technologies. Modeled after a simulated patrol task, the
experiment will examine your performance differences while using a lower-body, robotic,
exoskeleton. By testing you with an exoskeleton on, on-and-unpowered, and off, the effects of this
technology on performance can be evaluated. Furthermore, the weight you carry and the difficulty
of radio task will be modified and help to reveal the interactions between task conditions, allowing
the 'costs' of using the system to be assessed.
.

PROCEDURES

Pre-Experiment (Day 1)
56

-

Total Time: About 2 hours.

-

Location: MIT's MVL, first floor building 37
You will answer a pre-experiment questionnaire with questions about your military
experience, athletic history, history of lower body injuries, and demographic information
You will be fitted for a soft, robotic exosystem (K-SRD)
The research team will help calibrate the KSRD system and you will practice walking,
turning, moving over obstacles, and climbing/descending inclines or stairs
You will practice a visual detection task in which you must raise a fake rifle to point at
LED's which turn on periodically
You will practice a radio response task in which you must respond to a taped recording

-

-

-

-

Experiment (Day 2 and 3)
- Total time: About 5 hours each day; 2.5 hours of direct participation.
- Location: NERVE Center in Lowell, Massachusetts
- You will receive transportation or be reimbursed for transportation to the site.
You will have a training session and then complete the obstacle course under three
conditions: exo off, exo on and unpowered, and exo on and powered.
The training session will consist of an orientation to the course and practice with all three
exosystem conditions. The visual detection task and the radio task will also be practiced
during this time. All obstacles will be practiced.
In all iterations, you will be completing an obstacle course meant to simulate a military
patrol or tactical movement. The obstacle course will consist of the following obstacles:
o A lane of different terrain types: sand, brick road, and stone road
o A left-to-right cross slope
o A right-to-left cross slope
o An incline-decline
o Step-over obstacles about 1-2 feet high
- You will wear a combat uniform undershirt, issued belt, combat pants, athletic socks, and
athletic shoes during the testing. Some of the weight carried will be worn in a loadbearing vest.
- You will complete multiple laps of the obstacle course over the course of approximately
1 hour for each exo condition. During this time, the weight in the rucksack will be
changed prior to a sub-set of laps between a light (63 lbs) and heavy (101 lbs.) loaded
condition. Additionally, the radio task will alternate between difficult and easy within
each loaded condition.
- You will complete the first of three exo conditions on the first day. The trial will be 56
minutes. After the trial, you will complete a NASA-TLX survey about the trial.
- You will have breaks of about 1-1.5 hours in between all trials. In these breaks, you will
be able to use your computer or phone. You will sometimes be required to take these
breaks while still wearing the exosystem in order to reduce the amount of times you
would need to be re-fitted to the system.
- The following day, you will return to the NERVE center to complete the other two exo
conditions. At the conclusion of the final exo condition, you will complete a postexperiment questionnaire.
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.

POTENTIAL RISKS AND DISCOMFORTS

Risks: The experiment includes obstacles that you must walk over and inclines; the major risk for
these is that you will fall while trying to traverse these obstacles. All obstacles will be under a
height of two feet. You will wear 63 lbs and 101 lbs in addition to the exosystem for the lightly
loaded and heavily loaded conditions, respectively. The weight will be distributed between a loadbearing vest, a carried dummy rifle, and a rucksack. These high weights were chosen to reflect the
weight US soldiers have carried in recent conflicts. The weights were chosen to be absolute rather
than a percentage of body weight to reflect the military reality of using equipment that is generally
of a standardized weight rather than a percentage of body weight. Additionally, you will be
fatigued due to the duration of the test (1 hour for each of the three rounds). This will cause
discomfort and compound the risk and discomfort of other factors. Since you will be wearing a
soft exoskeleton during most of their trials, you may feel some soreness due to abnormal gait.
Additionally, you may feel some slight discomfort at the attachment points due to friction and heat.
You may develop blisters due to walking over a long time.
About the exoskeleton: The K-SRD (Knee-Stress Relief Device) is a powered lower-body
exoskeleton. It will be powered by a battery pack held in your backpack. The device is actuated
only at the knee joint by an electric motor. This motor also has a hard-stop to prevent the motor
from causing hyperextension of the leg. You will have a small controller which has an on/off
switch and a lever which controls the assistance level (of which there are five: 0%, 60%, 75%,
90%, and 100%). The system may not actuate when desired. This would mean the device would
function like a passive knee brace. The system may also actuate when undesired. If it actuates early
or late in the gait cycle, this may cause an imbalance or stumble. The state of the system will not
be displayed to you or the research team.
Load Carriage: Carrying heavy loads has been known to increase the risk of blisters,
musculoskeletal injuries, and nerve compression injuries. The lower back and legs (especially the
ankle) are the regions most frequently affected by foot marching and load carriage activities; at
these locations, muscle and tendon strains are a common injury type. Since you will be wearing
external weight, you will be at a greater risk of falling due to changes in balance. Finally, the high
rate of exertion over an extended period of time will result in high levels of fatigue and increase
cardiorespiratory stress.
Risk Management: Many of the risks will be mitigated by having a training session which allows
you to become used to the exoskeleton. During this time, the fit of the exoskeleton will be
optimized to reduce the risk of falling, blisters, and soreness due to movement. The heavy weight
will also increase risks associated with falling and abnormal gait; you will have time in the training
session to be able to become accustomed to walking with these weights. You will be afforded
plenty of time to adjust your vest and rucksack before any trial begins. You will be allowed to
wear comfortable athletic shoes to reduce the risk of blisters. Additionally, you will wear pants to
reduce any discomfort at the attachment points. Water will be available at all times during the
study. Breaks will be provided throughout the testing and when requested by you. Additionally,
imbalances or stumbles will be perceived by the team member that is following you. That
following team member will be a safety spotter for any imbalances and, if needed, will step in to
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help you balance while turning the system off by reaching to your right hip and toggling the on/off
switch.

.

POTENTIAL BENEFITS

There are no health benefits to the participants.
Results from this study will aid understanding of how using an exoskeleton influences performance
and interacts with varying levels of task difficulty which can reduce the injury risk to the users and
increase overall performance.
*

PAYMENT FOR PARTICIPATION

You will be compensated by check. Since your maximum involement spans three days, you will
be paid $15, $30, and $30 for the first, second, and third day, respectively. There will be a 'winner'
based on performance on the obstacle course who will receive $50 in order to better motivate all
of the participants. The winner will be chosen through a composite score taking into account your
rank within each of three categoreies: the obstacle navigation, the radio task, and the visual scan
task. The visual scan task will be weighted the highest, followed by the radio task, and finally
obstacle navigation.
*

CONFIDENTIALITY

Any information that is obtained in connection with this study and that can be identified with you
will remain confidential and will be disclosed only with your permission or as required by law.
The experiment may be recorded from a stationary camera at one end of the obstacle course. The
videos will be stored on the camera's local SD drive and then transferred to an encrypted
Dropbox folder. The primary investigators will have control and access of the videos. If a video
clip is saved or presented with the data at any time, it will be de-identified by face blurring.
Additionally, your response to radio calls will be recorded. This data will be identified and only
saved long enough to extract the reaction time and time of transmission. If an audio clip is saved
or presented with the data, it will be de-identified. Like the video files, the audio files be saved
locally on the recording device and then transferred to a to the encrypted Dropbox folder.
0

IDENTIFICATION OF INVESTIGATORS

Principal Investigator: Leia Stirling
Title: Assistant Professor
Department: AeroAstro
Building and Room Number: 33-311
Email: leiakmit.edu
Phone: 617-324-7410
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Student Investigator: Blake Bequette
Title: Graduate Student
Department: AeroAstro
Building and Room Number: 37- 134
Email: beqgmit.edu
Phone: 402-209-4851
*

EMERGENCY CARE AND COMPENSATION FOR INJURY

If you feel you have suffered an injury, which may include emotional trauma, as a result of
participating in this study, please contact the person in charge of the study as soon as possible.
In the event you suffer such an injury, M.I.T. may provide itself, or arrange for the provision of,
emergency transport or medical treatment, including emergency treatment and follow-up care, as
needed, or reimbursement for such medical services. M.I.T. does not provide any other form of
compensation for injury. In any case, neither the offer to provide medical assistance, nor the
actual provision of medical services shall be considered an admission of fault or acceptance of
liability. Questions regarding this policy may be directed to MIT's Insurance Office, (617) 2532823. Your insurance carrier may be billed for the cost of emergency transport or medical
treatment, if such services are determined not to be directly related to your participation in this
study.
*

RIGHTS OF RESEARCH SUBJECTS

You are not waiving any legal claims, rights or remedies because of your participation in this
research study. If you feel you have been treated unfairly, or you have questions regarding your
rights as a research subject, you may contact the Chairman of the Committee on the Use of
Humans as Experimental Subjects, M.I.T., Room E25-143B, 77 Massachusetts Ave, Cambridge,
MA 02139, phone 1-617-253 6787.
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I

SIGNATURE OF RESEARCH SUBJECT OR LEGAL REPRESENTATIVE
I understand the procedures described above. My questions have been answered to my
satisfaction, and I agree to participate in this study. I have been given a copy of this form.

Name of Subject

Name of Legal Representative (if applicable)
Date

Signature of Subject or Legal Representative

SIGNATURE OF PERSON OBTAINING INFORMED CONSENT
In my judgment the subject is voluntarily and knowingly giving informed consent and possesses
the legal capacity to give informed consent to participate in this research study.

Name of Person Obtaining Informed Consent

Signature of Person Obtaining Informed Consent
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Date

Appendix B: Pre-Test Screening Form

Pre-Test Screening

Age:
Sex (circle one):

Male

Are you pregnant:

Y

Military Status (circle one):

Female
N
ROTC

Active

Reserve

Completed basic training or basic training equivalent (circle one):

Y

N

Eligibility Questions:
1) How many weeks of training/practice have you had where you regularly conducted a
patrol or tactical movement?

2) How many weeks of training/practice have you had where you regularly used a radio?

3) Do you have a history of lower extremity surgery?

4) Within the last six months, have you had a lower extremity injury preventing more than
three weeks of participation in physical activity?
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5) Do you have any physical, cognitive, or other condition that would impair your ability to
complete an indoor obstacle course while wearing a weighted rucksack or increase your
risk for injury? The obstacle course includes inclines, declines, cross-slopes, step-over
obstacles, and walking over brick, sand, and stone surfaces. The cognitive tasks involve
answering radio calls and scanning for/aiming at blinking lights with a dummy rifle.

*

The requirements for eligibility are as follows:
Age: 18 - 39
Not Pregnant
Military Status: ROTC or Active
Completed Basic Training: Y
At least two weeks of military training where patrolling or conducting a tactical
movement and using a radio were regularly practiced skills.
"No" to questions 3-5

For Research Personnel Only: Do Not Mark Below this line.

Is the subject eligible?

YES

NO
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Appendix C: Pre-Test Questionnaire

Pre-Test Questionnaire
Last APFT or PFT score:
What was your run distance and time on your last PT test?

How many miles per week did you run in the past month?

What is the best time you have ever achieved on the run portion of your PT test?

How often do you exercise? [hours per week]

What type competitive sports did you play in high school, and how many years?
(ex. Soccer 3 years, Football- 4 years)

What type competitive sports did you play in college, and how many years?
(example. Football- 2 years)

What is your dominant hand (what hand do you write with)?

What is your dominant foot (what foot do you kick with)?

64

Pre-Test Measurements
Height:
Weight:
Shirt Size:

Leg Height:
Femoral Length:
Lower Leg Length:
Thigh Circumference:
Waist Circumference:
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Appendix D: Post-Test Questionnaire

Post-Test Questionnaire
Compared to the "exo off' condition, how did wearing the exoskeleton (powered) affect your
ability to complete the following tasks? [1 (I did much worse) to 7 (I did much better) than in the
exo off condition]
-

Navigating the obstacles behind your squadmate:

-

Visual scan and react test:

-

Responding to radio calls:

Please grade [1 (easiest) to 5 (hardest)] the following obstacles according to their difficulty for
each condition:
Exo On, Unpowered

Exo Off

Exo On, Powered

Cross Slopes
Inclines
Declines
Walking Surfaces
Step-Over Obstacles

Was there any discomfort wearing the exosystem during the test or now? Please describe.
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Appendix E: Full Timelines

Order A: OFF-UN P-PWR
Day 1:
EXo Condition
Tiffi

a
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Order B: PWR-UNP-OFF
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Exo Condition
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Appendix F: Fitting Procedure

Fitting!:
-

Correct Belt Size
Place Hip Sensor & Attach
Modify hard adjustment points
Tighten soft straps

1.
2.
3.
4.

Under patella
High Ankle
Lower Thigh
Upper Thigh

-

Foot Sensor
Gluteal strap
Wires, backpack, and battery

-

Checklist:
o Belt fits evenly
o Hip sensors even
o Femoral shafts are same length
o Shin shells are the same length
o Motors and sensors are straight forward
o Femoral shaft in the middle of thigh
o User does not feel that the device is pushing the thigh anteriorly/posteriorly
o Feet sensors are well placed (level, inner side of the shoe)
o Standing
o Walking
o Sitting
o Kneeling
o Lunge with Knee touching floor
- Shells are moving in single, vertical plane
- Motor axis remains perpendicular
- Motor is not touching the floor
o Squatting - motors don't rotate outward or inward
o Seated in chair
- Motors and hip sensors do not rotate outward or inward
- Knee motor stays centered at knee joint
- 2 fingers width of space between orthosis motor and the knee joint
" Fit validation - ensure angles are small ~<5 degrees while subject stands straight
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Calibration:
-

Plug in tablet to control unit
Create profile

-

Tell subject "Stand straight up, feet shoulder width apart, head and eyes straightforward"

-

Press 'Calibrate'

-

Check calibration to ensure there is less than -4 degree difference

Parameter Tuning:
1. Have subject do a few squats to get used to the assistance
2. Have the subject walk down and back across the course
3. Begin walking alongside the subject around the entire course while tuning the following
parameters (applies to training rounds as well):
-

Set the knee offset angle

o
o
o

Most important parameter
Too High: System's motors will be engaged while standing idle
Too Low: The system will not engage when walking or climbing/descending
inclines

-

Eccentric Knee control

-

o Too High: User will not be able to overcome resistance when going downhill
o Too Low: User will not feel adequately supported in controlled descent.
Knee Extension in Weight Bearing
o Too High: User will feel thrown off balance in stairs, kneel, squat, sitting
o Too Low: User will not feel adequately supported in controlled descent.

-

Flexion assistance

o
o
o
-

Primarily assessed in level walking
Too High: Subjects will feel a "jerking" sensation, like the exo is making the
subject do a "butt kick" dynamic stretch
Too Low: Insufficient flexion to achieve foot clearance

Extension assistance

o
o

Primarily assessed in level walking.
Too High: A "whipping" feeling, like the subject is flicking their leg forward
when stepping
o Too Low: User will not reach terminal knee extension
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Appendix G: ANOVA Analyses

Visual Reaction Time
Model:
%% ANOVA Model
dv = vrxnt2; %incT; %arxnt2 %vrxnt2= loglO (vrxnT)
iv = (sub,cond,pl,cl,order);
varnames = ('SubNo','Cond','PL','CL','Order');
dispToggle = 'on';
nested = zeros(length(iv));
nested(1,5) = 1 ;
[p, tbl, statss, termss] = anovan (dv, iv, 'varnames' ,varnames,
'model', 'full', 'random',l, 'nested',...
nested, 'sstype',3, 'display',dispToggle);

...

r = statss.resid;
histogram(r)

Results:

Source

Visual (loglo Transformation) ANOVA Model
Sq DF

Isu

SubNo(Order)
Cond

Mean Sq

F

Prob > F

18.671
1.201

1C
2

1.86714
0.60034

6.
4.14

PL

0.239

1

0.23854

1.63

0.2308

CL

:U

0.0930A
0.01004
0.14594

1.29

Order
SubNo(Order)*Cond

0.093
0.01
2.92

0.01
2.35

0.2823
0.9427
0.1293

SubNo(Order)*PL

1.471

1

0.147

3.32

0.1449

SubNo(Order)*CL

0.722
0.019
0.132
0.084
0.063
0.008_
0.00
1.448
0.999
0.322
0.161
0.26E
0.031

10

0.0722A
0.0093
0.06602
0.04211
0.0634A
0.00792
0.0083
0.0724
0.0499A
0.0321
0.0803
0.13302
0.0155
0.00614
0.0602
0.0113

3.3
0.1

0.3689
0.8795
0.2888
0.751
0.1908
0.8209
0.74
0.3424
0.6606
0.8461
0.2853
0.1841
0.7359
0.6718
0.376
0.8295

Cond*PL
Cond*CL

Cond*Order
PL*CL
PL*Order
CL*Order

SubNo(Order)*Cond*PL
SubNo(Order)*Cond*CL
SubNo(Order)*PL*CL
Cond*PL*CL

Cond*PL*Order
Cond*CL*Order
PL*CL*Order

0._E

SubNo(Order)*Cond*PL*CL

1.205
0.023

Cond*PL*CL*Order
Error

106.202
136.261

Total

71

_

2d

2
2
2

1
1
1
2C
2C
10
2
2
2

1
2C
21
188
202

0.05634
1

1.32

0.2
1.9E

0.05
0.12
1.2
0.8A
0.53
1.33
1.84

0.31

0.1q
1.07
0.19

0.0003
0.0312

Kruskal Wallis Results:

KW Results

Variable
Subject
Cond
PL
CL
Round
Order
ubject*Cond
ubject*PL
ubject*CL
Subject*Round
Subject*Order
Cond*PL
Cond*CL
Cond*Round
Cond*Order
PL*CL
PL*Round
PL*Order
CL*Round
CL*Order
Cond*PL*CL

Chi2
286.0555
16.9527
5.2995
1.776
6.6428
0.5884
346.9972
310.6207
298.6907
331.1539
286.0555
22.4525
20.7987
27.3962
20.3681
7.9485
6.6428
7.7054
26.2361
2.7998
27.9160

Pval
7.55E-55
2.08E-04
0.0213
0.1826
0.0842
0.443
5.12E-53
3.25E-52
8.42E-50
2.25E-4
7.55E-55
4.29E-04
8.84E-04
0.004
0.0011
0.0471
0.0842
0.0525
4.57E-04
0.4235
0.0033

Note: Each row is a Kruskal-Wallis test with the grouping variable in the column "Variable".
Also, the required p-value was found by:
Prequired =-- 0.05*(number of tests meeting 0.05 criteria) =
(total number of tests)

0.033.

Comparisons considered significant at this p-value are highlighted in yellow in the table above.
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Audio Reaction Time
Model:
dv = arxnt2; %vrxnt2; %incT; %arxnt2 %vrxnt2 = log10 (vrxnT)
iv = {sub,cond,pl,cl,order);
varnames = {'SubNo','Cond','PL','CL', 'Order');
dispToggle = 'on';
nested = zeros(length(iv));
nested(1,5) = 1 ;
[p,tbl,statss,termss]
= anovan(dv,iv, 'varnames' ,varnames,...
'model', ' full', 'random', 1, 'nested', ...
nested, 'sstype', 3, 'display' ,dispToggle);
r = statss.resid;
histogram(r)

Results
Audio (Lo110 Transformation) ANOVA Model

Source
SubNo(Order)
Cond
PL
CL
Order
SubNo(Order)*Cond
SubNo(Order)*PL
SubNo(Order)*CL
Cond*PL
Cond*CL
Cond*Order
PL*CL
PL*Order
CL*Order
SubNo(Order)*Cond*PL
SubNo(Order)*Cond*CL
SubNo(Order)*PL*CL
Cond*PL*CL
Cond*PL*Order
Cond*CL*Order

Sum Sq.

DF

83.017
5.266
0.231
0.031
0.647
6.871
0.872
3.093
0.543
0.182
1.694
0.01
0.559
0.202
1.832
3.83E
0.825
0.243
0.05

10
2
1
1
1
18
10
10
2
2
2
1
1
1
18
18
10
2
2

0.24

2

1.9
0.02E

18
2

PL*CL*Order

SubNo(Order)*Cond*PL*CL
Cond*PL*CL*Order

Mean Sq

1

Error

215.11

1953

Total

343.61

2088
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F

Prob>F

8.30172
2.63294
0.23101
0.03097
0.64661
0.3817
0.08719
0.30921
0.2714E
0.09092
0.84913
0.01034
0.55912
0.20249
0.10179
0.21311
0.08255
0.12131
0.025!A
0.0222A
0.0003E
0.1094
0.0131

17
6.93
2.64
0.1
0.08
1.86
1.16
1.67
2.67
0.43
2.23
0.12
6.39
0.66
0.93
1.95
0.75
1.11
0.25
0.1
0

0.99
0.12

0
0.0058
0.1341
0.7573
0.78
0.1456
0.50
0.2261
0.0965
0.6582
0.1358
0.731
0.0292
0.4355
0.5603
0.0835
0.6685
0.3513
0.7842
0.9013
0.9471
0.4638
0.8872

0.1101
1

_

I

Incremental Lag Time
Model:
dv = incT; %vrxnt2; %incT; %arxnt2 %vrxnt2 = loglO(vrxnT)
iv = {sub,cond,pl,cl,order};
varnames = (' SubNo', ' Cond', 'PL', 'CL', 'Order ' };
dispToggle = 'on';
nested = zeros (length(iv));
nested(1,5) = 1 ;
[p, tbl, statss, termss] = anovan(dv, iv, 'varnames',varnames,...
'model', 'full', 'random',l, 'nestedi', ...
nested, 'sstype',3, 'display', dispToggle);
r = statss.resid;
histogram(r)

Results:
IncLTANOVA Model
Sum Sq.

Source
SubNo(Order)
Cond
CL
Order
SubNo(Order)*PL
SubNo(Order)*CL
Cond*PL

-

Cond*Order
PL*CL
PL*Order
CL*Order
SubNo(Order)*Cond*PL
SubNo(Order)*Cond*CL
SubNo(Order)*PL*CL
Cond*PL*CL
Cond*PL*Order
Cond*CL*Order
SubNo(Order)*Cond*PL*CL
Cond*PL*CL*Order
Error
Total

DF

ean Sq

Prob>F

491.A
117.4

10
2

49.133A
58.8861

1.05
1.25

0.4444
0.3091

0.2

1
4 1

0.1945
4.0682

0.02

4.

0.08

0.8834
0.7792

18.
8

1
1
2

1.8644
8.6015
0.1577

0.27
1.67
0.03

0.974
0.2871
0.974

2
1
1
1
20
20
10
2
2
2

45.1973
6.709
15.0164
0.4739
5.9893
4.1115
5.5274
5.0816
1.8827
6.114

0.96
1.21
8.03
0.06
1.34
0.92
1.23
1.13
0.31
1.49

0.4012
0.2962
0.0176
0.8191
0.2616
0.5758
0.3295
0.3417
0.7336
0.2499

20
2
7658
7801

4.4835
2.507
4.6209

0.97
0.56

0.4957
0.5803

--0.
90.4
6.7
1
0.5
119.4
82.
55.
10.2
3.E
12.2
89.
35386.1
37411.4

74

4.14

Kruskal-Wallis:

Where the p-value required was found by
Prequired

0.05*(number of

tests meeting 0.05 criteria) _

(total number of tests)

0.0208

Yielding significant differences by Subject, Subject*Condition, and Subject*CL.
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NASA-TLX

Model:

NOVk Butter
inter = strcat(tlx.Cond, tlx.Type);
[p, tbl, stats, terms]
anovan (tlx. Rating, {tlx. Sub, tlx.Cond, tlx. Type}, 'varnam s', {'Subject', 'Condition', 'Type' },
'random',1)
r = stats.resid;
histogram(r,15)
%%

i

Results:

Analysis of Variance
Source

Sum Sq.

d.f.

Mean Sq.

F

Prob>F

Subject
Condition
Type
Error
Total

40748.4
15683
41321
67349.9
165102.2

11
2
6
232
251

3704.4
7841.5
6886.83
290.3

12.76
27.01
23.72

7.98677e-19
2.84485e-11
8.11336e-22
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