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Enhancing Human Navigation Ability Using
Force-Feedback From a Lower-Limb Exoskeleton

Carlos Carrasquillo”, Aakash Bajpai

and Aaron J. Young

Abstract—Humans operating in dynamic environments with
limited visibility are susceptible to collisions with moving objects,
occupational hazards, and/or other agents, which can result in
personal injuries or fatalities. Most existing research has focused
on using vibrotactile cues to address this challenge. In this work,
we propose a fundamentally new approach that utilizes variable
impedance on an active exoskeleton to guide humans away from
hazards and towards safe areas. This framework combines artificial
potential fields with current impedance-based theories of exoskele-
ton control to provide a comprehensive navigational system that is
intuitive for human operators. First, we present the mathematical
framework to encode information about the locations of obstacles
and the safest direction in which to move. Next, we optimize
controller parameters in a series of human-subject experiments.
Finally, we evaluate the framework in virtual reality on a set of
randomly generated obstacle fields in environments where vision
is either fully or partially occluded. Our results suggest that the
exoskeleton provides significant separation from obstacles and
reduced collisions compared to vision alone in conditions where
visibility was limited to less than 1.3 m. Our work demonstrates
that force-feedback in parallel with a human can improve overall
navigation ability in low visibility conditions.

Index Terms—Artificial potential fields, control hierarchy,
exoskeleton, impedance control, navigation, robotics, virtual
reality.

I. INTRODUCTION

that demands the careful interaction of human workers,
heavy machinery, robotic agents, and moving objects to en-
sure worker safety. A combination of human factors, including
imperfect communication, limited environmental awareness,
and movement inaccuracy can lead to otherwise preventable

T HE modern industrial workplace is a complex environment
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occupational injuries. According to the U.S. Department of
Labor’s 2020 data, “contact with objects and equipment” was
the #3 cause of work-related deaths and #4 cause of work-related
injuries [1]. Motivated by the increasing automation of industrial
workplaces, most ongoing research aims to reduce the preva-
lence of collisions by focusing on a machine-centric approach
to collision avoidance. However, this approach does not work if
the hazard does not possess machine intelligence and physical
autonomy. Instead, a subset of the field has explored utilizing
human-centric approaches to collision avoidance, leveraging
combinations of visual, auditory, and tactile feedback to enhance
workers’ situational awareness [2], [3] to improve safety.

Visual feedback on a display has long been the gold standard
for communicating easily interpretable cues to humans, but it is
not suitable in cases where the visual and cognitive pathways
are preoccupied or overloaded. For example, visual displays
may be undesirable to construction workers, firefighters, or
infantrymen if their vision is obscured by dust, smoke, or
dense fog [4], [5]. Furthermore, if an operator’s attention is
diverted, visual cues can be less effective because they require
constant vigilance [6]. Instead, some research has explored the
feasibility of using tactile feedback as an alternative channel
for information transfer. The most common platforms for this
research are vibrotactile devices, which utilize an array of tactors
usually placed around the head [7], waist [4], [8], thigh [9],
or foot [10] to provide vibratory cues. Although vibrotactile
devices have historically been successful in research, they often
require specialty, single-purpose hardware that would not oth-
erwise be worn. Furthermore, the perceptibility of the stimulus
is largely affected by environmental confounds, the attention
of the wearer, and temporal effects that result from repeated
or continuous exposure [11]. Finally, vibrotactile signals are
heavily attenuated by thick or bulky clothing, which can either
decrease the perceptibility of the cues or necessitate a lengthy
don procedure.

One rarely explored alternative to traditional vibrotactile
methods is force-based feedback mechanisms. Humans are nat-
urally receptive to force-based feedback, and guidance strategies
that leverage this have already been successfully demonstrated
in research [12], [13]. However, the focus of this research is
typically limited to devices acting in series with the human and
often requires specialty hardware to be deployed for use. Instead,
we explore the potential of providing force-based feedback in
parallel with the human body using multi-purpose hardware.
Active wearable exoskeletons are a promising platform for
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this feedback mechanism, as they are becoming increasingly
prominent in the workplace [14], [15] due to their ability to aug-
ment joint strength [16], reduce energy expenditure [17], [18],
[19], and reduce fatigue [20]. As active exoskeleton technology
continues to mature, we seek to develop a generalizable control
framework that can be deployed in industrial environments for
obstacle avoidance in low visibility conditions, with potential
applications to zero visibility conditions. Our method aims to
suggestively influence the joint-level dynamics of a human to
promote movements away from dangerous zones and to safer
areas. This controller would supplement an exoskeleton’s exist-
ing control framework and act as a safety feature that can be
activated (rarely) as needed.

We propose a quasi-impedance control scheme that leverages
existing wearable active exoskeleton platforms to help users
safely navigate around environmental hazards. We develop and
validate this system in an indoor environment with precise local-
ization capabilities and discuss potential extensions of our work
that utilize onboard sensing for standalone operation. To the best
of our knowledge, this is the first work to use an exoskeleton
to provide force-feedback for vision-impaired navigation. This
research provides the following contributions: we (1) present
the mathematical framework to compute and apply human-
interpretable joint torques for safe and efficient navigation,
(2) determine optimal controller parameters through a series
of human-subject experiments, and (3) quantitatively eval-
uate the framework in a virtual reality environment on a set
of randomly generated obstacle fields for varying degrees of
visibility.

II. CONTROL ARCHITECTURE
A. Exoskeleton Platform

We evaluated the performance of the proposed control scheme
on a 1-DoF exoskeleton. Although a multi-joint exoskeleton
has the potential to provide more precise joint-level control, the
addition of more active degrees of freedom presents challenges
to the size, cost, and weight of these devices. As a result,
most multi-joint systems incur energetic costs compared to their
single-joint counterparts [21]. Furthermore, the vast majority
of commercially viable lower-limb exoskeletons target single
degrees of freedom. It follows that if it is possible to demonstrate
an efficient navigation communication scheme for a 1-DoF sys-
tem, it should be possible to extend the paradigm to exoskeleton
designs with more control authority.

We characterized human ambulatory navigation as consisting
of translation and rotation motion primitives. In most uncon-
strained environments, human translation is primarily facilitated
by the production of positive power in the sagittal plane, to
which the hip and ankle joints are the biggest contributors [22].
Rotation, defined as the alignment of the body to the desired
direction of travel, is usually initiated by the hip rotators acting
in the transverse plane [23]. During rotation, the external leg
necessarily covers a longer path than the internal leg in the
sagittal plane, resulting in a change in heading [24]. In both
of these primitives, the hip joint’s dynamics and kinematics in
the sagittal plane play a critical role in the execution of the move-
ment. We therefore selected a sagittal plane hip exoskeleton as
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Fig. 1. Human behavior observed during collision avoidance. (Left) The agent
decelerates as they approach an obstacle. (Middle) The agent turns to face a safe
direction. (Right) The agent accelerates to resume along the path.
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Fig. 2. A close-up of the ARES exoskeleton platform and plots of the actua-
tors’ frequency response.

the platform for this experiment. In particular, we utilized the
Georgia Tech Agile Response Exoskeleton System (GT ARES)
for its backdrivability and high torque capability [17].

The GT ARES platform features two brushless quasi-direct
drive actuators with a single-stage 10:1 gear reduction ratio
(Fig. 2). Each actuator is capable of operating with a continuous
(rated) torque of 42.1 Nm, a peak torque of 140.27 Nm, and
a zero-load speed of 72.6 r/min. The actuators also exhibit a
bandwidth of 20 Hz, a damping ratio of 0.2032, and a peak
magnitude of 8.0 dB. The motors are powered by a single 44.4 V
12S battery and are controlled by a set of two Maxon EPOS 50/15
motor controllers featuring low-level PI (P = 1000, I = 1250)
torque control. Three Microstrain 3DM-GX5 AHRS IMUs are
placed on each thigh and the torso to estimate hip joint angles.
The exoskeleton is controlled by Raspberry Pi 4, which is stored
in the electronics backpack. The exoskeleton assembly weighs
12.5 kg. We used this device as a test-bed for our approach,
allowing us to examine a large trade-space of interaction torques.
Once the joint torques are understood an optimized, a lighter
exoskeleton could be used.

B. Exoskeleton Control

For local and sudden collision avoidance, pedestrians have
been observed to slow down to avoid a collision, turn away
from the obstacle, and increase their speed along the planned
path (Fig. 1) [25]. The controller was designed to alter the
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dynamics and kinematics of wearers to artificially induce this
behavior. Specifically, the exoskeleton control paradigm consists
of three independent behaviors: (1) apply resistance if the wearer
is moving towards an obstacle, (2) turn the wearer away from
the obstacle, and (3) assist the wearer as they move away from
the obstacle. These behaviors were implemented as indepen-
dent exoskeleton controllers, each of which outputs a reference
torque. The reference torques were then summed to obtain an
aggregate reference torque, 7i.f, Which was commanded to the
motor controllers (Fig. 3).

1) Resistive Controller: A small amount of damping was ap-
plied to the hip joint, intended to replicate the feeling of treading
through a dense liquid medium. Damping was only enabled
during hip flexion for safety. The output torque of the resistive
controller was computed using (1), where m is the user’s mass,
[ is the mass-normalized damping coefficient, 0 is the measured
hip angular velocity, and ¢; (d) € [0, 1], c2(Pobstacte) € [0, 1] are
scaling factors that depend on the distance to the obstacle d
and the heading to the obstacle Popstacte € [—180°, 180°), respec-
tively. The hip angle § was measured by subtracting the pitch of
a thigh-mounted IMU from that of a torso-mounted unit.  was
tared at startup. The controller acted independently on each leg.
This controller was only active when the wearer was walking
toward an obstacle (i.e., |Popstacte| < 90°).

Tresist — 170 [59:| C1C2 (D

2) Turning Controller: During turning, an equal and oppo-
site torque was applied on both legs. The wearer was instructed to
pivot about the leg receiving the extension torque and turn with
the leg receiving the flexion torque. The torque was intended
to replicate the observed effect of swinging the outer leg more
than the inner leg during turning and is similar to pure rotation in
differential drive vehicles like tracked robots. The output torque
of the turning controller was computed using (2), where 74 1S
the maximum mass-normalized torque output of the controller
(achieved when the wearer’s heading is opposite to the safe
direction) and c3(¢gre) € [—1, 1) is ascaling factor that depends

A diagram of the control hierarchy. State transition criteria in the assistive controller are expressed as a percentage of the gait cycle.

on the angle between the user’s heading and predetermined
safe heading, ¢sr € [—180°,180°). This controller was only
active when the wearer was walking toward an obstacle (i.e.,
| Dobstacte| < 90°) and thus acted in tandem with the resistive
controller.

m [Tais] crez if leg = L

- 2
e {m [Taie] c1cs ifleg =R 2

3) Assistive Controller: A quasi-stiffness state machine-
based impedance controller modeled after the hip’s kinematics
and dynamics for level-ground walking at the target speed of
1.25 m/s. This model takes advantage of the observation that the
hip exhibits sprint-like dynamics during level-ground walking
at the target speed [26]. The state machine was designed to
have two active states (flexion and extension) and two passive
zero-impedance states (Fig. 3). To compute the impedance con-
trol mass-normalized spring coefficients, &, and hip equilibrium
angles, 0.4, the hip’s biomechanics were first obtained from
one of our large datasets [27] and averaged across all subjects
(N=22) and strides. k and 6., for flexion and extension were
then computed based on the averaged torque-angle relation-
ship. The estimated hip angle 6 and 6., were expressed as
a percentage of the range of motion (% ROM) to account
for variance in step kinematics. The ROM was computed in
real-time by applying a peak detection algorithm on 6. The
output torque of the assistive controller was computed using
(3), where « € [0,1] is the contribution of the spring term as
a percentage of biological torque. c4(¢ste) € [0, 1] is a scaling
factor that depends on the heading to the safe direction, ¢, . The
controller acted independently on each leg. This controller was
only active when the wearer was walking away from an obstacle
(i.e., |Psafe| < 90°).

Tassist = 1M [ak (0 - 0611)] C1C4

3)

C. Navigation Algorithm

We desired a guidance strategy that allows the wearer to retain
most of their planning and decision-making authority while
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communicating intuitive information about how to best evade
environmental hazards. Artificial Potential Fields (APFs) offer
a computationally inexpensive solution to this problem by de-
composing the environment into attractive and repulsive fields.
In this paradigm, the human is subjected to a repulsive potential
from obstacles while self-selecting their attractive potential to
a goal. The safe direction, ¢, was therefore defined as the
angle between the wearer’s heading and the negative gradient
of the repulsive field, —VU (z, y), where z and y are the planar
coordinates of the wearer in the field. Similarly, @opstacte Was
defined as the angle between the wearer’s heading, ¢, and the
projection of VU (x,y) onto the X-Y plane. The scaling factor
¢1(d) was defined as the magnitude of the repulsive potential,

U(z,y).

III. PARAMETER OPTIMIZATION

Potential field and exoskeleton parameters have not been
previously identified for our application. Due to the large number
of parameters in both the exoskeleton controller and the APF,
obtaining a globally optimal parameterization via human-in-the-
loop testing was deemed experimentally intractable. Instead,
parameters for the three mid-level controllers were selected inde-
pendently and the resulting exoskeleton controller was utilized
to select optimal potential field parameters.

A. Exoskeleton Control

To ensure subject safety and maximize controllability, the
exoskeleton torque was limited to a maximum of 0.5 Nm/kg.
This allows users to easily overpower the exoskeleton in the
event of a disagreement.

1) Resistive Controller: Because the resistive and turning
controllers are active at the same time during the evasion ma-
neuver, a budget of 0.25 Nm/kg was allocated to each. 5 was
therefore computed by dividing the mass-normalized torque
budget by a conservative estimate of the maximum 6 during a
level-ground, 1.25 m/s gait cycle [27]. ca(@obstacte) Was defined
as the cosine of @pstacte SUCh that the scaling factor is 1 when the
wearer is facing the obstacle and O when the wearer’s heading
is perpendicular to the obstacle (4).

C2 (¢obstacle) = COs (¢obstacle) 4

2) Assistive Controller: o« was computed by dividing the
mass-normalized torque budget by a conservative estimate of
the maximum mass-normalized torque output of the hip’s level-
ground, 1.25 m/s impedance model [17], [27]. c4(Psare) Was
defined as the cosine of ¢g,s such that the scaling factor is 1
when the wearer is facing the safe direction and O when the
wearer’s heading is perpendicular to the safe direction (5).

Cq ((bsafe) = COS (¢)safe) (5)

3) Turning Controller: The turning controller demanded a
scaling factor ¢3(sare) that maps the range of heading errors,
Psate € [—180°,180°), to [—1, 1). Early pilot experiments sug-
gested that defining c3(¢g,fe) using a linear function resulted
in a large range of low torque magnitudes at low values of
Osate that were difficult for subjects to distinguish. To overcome
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Fig. 4. (a) Candidate functions that map heading errors to a scaling factor,
to be used to compute the turning controller’s output torque. (b) 45, 90, -45,
-90-degree step response plots of a wearer’s heading after applying candidate
turning controllers. Data were resampled at 100 Hz and averaged at each timestep
across subjects (N = 5) and trials (M = 3). A moving average filter of size 40 ms
was applied to each trial for plotting purposes.

this problem, we used the hyperbolic tangent function (6). The
shaping parameter ~ dictates the shape of the torque-error rela-
tionship. The larger the vy, the more the control scheme resembles
bang-bang control (Fig. 4(a)).

C3(¢safe) = tanh ('V fgz)fi ) (6)

The candidate turning controllers were evaluated by analyzing
the heading step response of wearers subjected to a change in
Osate - Subjects were positioned at one corner of an 8 x 8m field
and outfitted with the exoskeleton and a VIVE tracker, used to
obtain the subject’s real-time coordinates. Subjects were asked
to walk in a straight line until a step of either -90, -45, 45, or
90 degrees was commanded. These step angles were selected
to capture the system’s response to varying heading changes,
with 45-degree turns representing moderate redirections and 90-
degree turns indicating more substantial reroutes. The subject’s
heading throughout the trial was logged. Trials were randomized
across ¢g.fe and candidate controllers.

Data were resampled at 100 Hz and averaged at each timestep
across subjects (N=5) and trials (M=3). The controller with
v = 5 consistently achieved among the lowest settling times
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(Top) X-Y trajectories for every combination of maximum radius of influence, 7max, and fractional order, n. (a) n = 1. (b) n = 3. (c) n = 5 . Solid and

dashed lines represent conditions where the turning controller was biased left (CCW) or right (CW), respectively. A subject radius of 0.2m was used. The path
outlines represent a +1 standard deviation. Dotted lines enclose the obstacle’s area of influence. Data were averaged across subjects (N=5) and trials (M=3). A
moving average filter of window size 200ms was applied to each trial for plotting purposes. (Bottom) The averaged trajectories’ torque profiles for each fractional
order are shown, listed in the following order: aggregate, resistive, turning, assistive.

(Fig. 4(b)), so it was ultimately selected for use in the subsequent
experiments.

B. Fractional Repulsive Field

Conventionally, repulsive potential fields model an agent and
obstacles in the environment as point charges in a Coulomb
potential field, where the potential is inversely proportional to
the square of the distance between the particles. In this model,
the gradient of the potential field is lowest near an obstacle’s
maximum radius of influence, 1y« , and increases up to the obsta-
cle’s radius, 7. Early pilot experiments suggested that subjects
had difficulty resolving low-magnitude exoskeleton torques near
the boundary of an obstacle’s area of influence. Reactions to
the commanded exoskeleton torque were not observed until the
torque exceeded 2 Nm, reducing the effective radius of influence
by up to 3X (rmin = 0.5 m, ryax < 4 m). As a result, subjects

were afforded less than one stride to react before colliding with
obstacles. Because it is difficult for humans to alter their velocity
mid-swing phase, the outcome of each trial (i.e., collision or
no collision) was often attributed to whether or not the subject
entered the effective radius of influence in double-stance.

Instead, we utilized the normalized Weyl fractional potential
formulation to alter the shape of the potential curve using the
fractional order n (7) [28], [29], [30].

Tn72 — T;;XZ
Un(r) = 75—, 1<n<5 (N
min 7 'max

Continuously increasing n progressively alters the curve
shape such that a larger value of n always results in a larger
potential for any fixed distance r € (rmin, "max) (Fig. 6). The
larger the n, the more the field behaves like a step function at
Tmax- We also used this formulation to introduce obstacles of
varying danger levels, where larger fractional orders correspond
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normalized Weyl potential, U

Fig. 6. Repulsive potential field shape of the normalized Weyl fractional
potential formulation for 1 < mn < 5.

1 -
3 075
s
5}
a
2
S o5
2
°
o
¥*0.25
. I
1 3 5
fractional order, n
Fig. 7. A comparison of the number of collisions observed per trial, averaged

across subjects for all tested n and rmax. The error bars represent the standard
deviation of the between-subject means.

with more dangerous threats that demand a more immediate
response.

We conducted an N=5 pilot study to identify a range of
fractional orders large enough to elicit a quick response from
the wearer while minimizing the abruptness of the produced
torque commands (characteristic of very small or very large n).
A single obstacle (7min = 0.5) was simulated in virtual reality
and placed at the (0,0) coordinate (middle) of an 8 x 8m field.
Subjects started at the coordinates (-3, -3) and were instructed
to walk directly towards a goal at coordinates (3, 3), responding
to the exoskeleton torque accordingly. Subjects were unable to
see the obstacle’s position and did not receive feedback if a
collision occurred. The turning controller was programmed to
bias the wearer right (CW) or left (CCW) to eliminate the ¢g,fe
discontinuity that occurs when @opsacte = 0. Three values of 7,
(2.0m, 3.35m, 4.7m) and three values of n (1, 3, 5) were tested
for a total of 18 (2 x 3 x 3) conditions (Fig. 5). Three trials
were conducted for each condition. The overall trial order was
randomized.

We found that fractional orders of {3,5} resulted in fewer
collisions than orders of 1 for a constant rp,« (Fig. 7). Therefore,

Fig. 8.

A visualization of the virtual reality environment overlapped with the
physical experimentation space. The subject’s path is outlined in light blue. The
obstacles are shown in gray. The start and goal are the blue circle and green
cylinder, respectively.

we limited the range of n to [3,5] m. We also set the difference
Tmax — Tmin t0 2.85m (3.35 — 0.5) for follow-up experiments to
provide wearers with enough space to evade the obstacles while
simultaneously keeping the area of influence of each obstacle
to a practical minimum. This was done to increase the number
of obstacles that could reasonably fit in our environment. Tuned
parameters are listed in Table I.

IV. METHODS
A. Virtual Reality Platform

The obstacles and environment were simulated in virtual real-
ity to (1) eliminate the risk of personal injury due to collisions,
and (2) increase the repeatability of obstacle placement. The
explorable environment consisted of a smooth, level ground
terrain of size 8 x 8 m. The environment, obstacle map, and
potential field were simulated in the Unity game engine, hosted
on a virtual reality (VR) computer (Fig. 8). dsafe, Gobstacle> and
U(x,y) were computed on the VR computer and transmitted
to the exoskeleton over Wi-Fi via a network socket. The HTC
VIVE Pro 2 VR platform with four base stations, equipped with
awireless adaptor, was used to relay video to the wearer. A VIVE
tracker positioned on the back of the exoskeleton’s electronics
backpack was used to obtain the (x, y) coordinates of the wearer
(Fig. 9).

B. Level Design

Early pilot studies revealed that subjects were memorizing
the obstacle placement of select levels after repeated exposure.
To minimize learning effects, one level set was generated for
each degree of visibility (for a total of four level sets, to be
shared across all subjects). In this experimental design, subjects
are only exposed to each level twice- once with exoskeleton
feedback (exo on) and once without (exo off). This method
allows us to retain the ability to directly compare the exo on
vs. exo off conditions while making it harder for subjects to rely
on memorization. To add additional variety and complexity to
each level set, we generated levels with 0, 2, 3, and 4 obstacles.
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TABLE I
CONTROLLER PARAMETER SELECTION

Parameter Value Units Description
Resistive Controller B 1.39 x 1073 Nm/kg/®/s damping coefficient
Assistive Controller « 0.6 - spring contribution
k 3.3x 1073 - flexion spring constant
9.2 x 1073 - extension spring constant
Oeq 53.54 % flexion equilibrium angle — ROM?
-45.78 % extension equilibrium angle — ROM?
Turning Controller Tdiff 0.25 Nm/kg maximum torque
o 5 - tanh shaping parameter
Fractional Repulsive Field n € {3, 4,5} - kth-obstacle fractional order
Tkomin € {0.25, 0.5, 0.75} m kh-obstacle radius
Thkmax - Tkmin 2.85 m k-obstacle effect radius

4 Hip angles are mapped to % range of motion (% ROM) to account for between-subject variance kinematics.

VIVE Tracker

&

HTC VIVE Headset &
Wireless Module

ARES 1-DOF
Hip Exoskeleton

Torso and Thigh-
Mounted IMUs

Fig. 9.
iment.

The sensors and wearable devices worn by subjects during the exper-

Each level set contained 5X 2-obstacle, 5X 3-obstacle, 5X
4-obstacle, and 1X 0-obstacle levels for a total of 16 levels.
The 0-obstacle catch trial was introduced to discourage subjects
from anticipating path deviations.

During level generation, obstacles were randomly assigned
one of three danger levels. The danger level was visually repre-
sented by rnin, where values of 0.25, 0.5, and 0.75m correspond
with mild, moderate, and severe danger levels, respectively.
The danger level was also linearly mapped to a repulsive po-
tential fractional order such that mild, moderate, and severe
obstacles generate repulsive fields withn = 3, 4, 5, respectively.
Obstacle placements were then sampled from the explorable
space and tested to ensure that they satisfied the following
criteria:

1) The start and the goal are safe (i.e., zero potential).

2) Obstacles do not overlap. Repulsive fields are allowed to

overlap, in which case the maximum potential is used.

3) There is at least one obstacle along the path from the start
to the goal. This ensures that levels cannot be navigated
naively, adding complexity to the task. The catch trial is
the sole exception to this rule.

4) The level should be traversable by an ideal agent using
gradient descent. This ensures that levels completed are
not impossible.

Impaired

Heavily Impaired

Fig. 10. Fogdensity comparison. The camera was positioned 0.5 m away from
the edge of an obstacle, 7, = 0.5 m. The minimap, centered in each panel, was
present solely to communicate the position of the goal.

To encourage a diverse set of trajectories in each level set, we
introduced a dissimilarity index. For any two ideal agent trajecto-
ries p; and p; (each re-sampled to a length of 1000 timesteps), the
level dissimilarity was computed using the lock-step Euclidean
distance, d(p;, p;). The larger the dissimilarity index, the more
different the two levels. The level set similarity index for the k*"
level set, sy, was defined using (8), where m = 16 is the number
of levels.

®)

We generated 100 candidate level sets and selected the set
with the largest dissimilarity index. We repeated this process
four times (once per visibility) to obtain the final level sets.

C. Visibility

The proposed controller was evaluated at four degrees of visi-
bility, adjusted using Unity’s built-in fog renderer in exponential
squared mode (Fig. 10). The larger the fog density p, the more
obscured the visibility:

® (Clear: All game objects are completely visible. p = 0.

® [mpaired: The goal and the obstacles are only visible when

the subject is ~ 1.3 m away. p = 2.
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® Heavily Impaired: The goal and the obstacles are only
visible when the subject is ~ 0.8 m away. p = 4.

® Blind: Neither the obstacles nor the goal is rendered in the
VR headset. p = oo.

A minimap was made available to the wearer to indicate the
position of the goal relative to their heading for every condition.
Obstacles were not rendered on the minimap. The minimap was
anecessary inclusion for conditions in which the position of the
goal was not discernible through the fog.

D. Performance Evaluation Metric

Subject performance was evaluated using a derived exposure
risk metric called the health score, where the damage taken
at each timestep is dependent on the subject’s proximity to
obstacles in the field (9).

ho = 100
#obstacles 1
hiv1 =h; — G 0.k =5 9
1 ; ok 2 ©)

The health score was designed to be a continuous metric capa-
ble of providing participants with a clear, quantitative measure
to maximize during both training and experiments. The damage
calculation was based on the inverse square law, characteristic
of radiation emissions from natural hazards such as fires, explo-
sives, and radioactive materials. The overall damage taken by
a singular obstacle is mathematically equivalent to integrating
the inverse square of the subject’s distance to the obstacle with
respect to elapsed time. Therefore, it is possible to lose health
gradually by remaining still, though it depletes much faster the
closer a participant is to the obstacle. Though the health score is
inherently different from the number of collisions metric (in that
datapoints are not discrete), collisions were still programmed to
result in an immediate depletion of health.

The damage taken by each obstacle is also proportional to
its hazard level, represented by the obstacle radius 7, . A
damage gain of G = 0.07 was used for the study. To provide
a useful interpretation of the performance metric, we compare it
to a minimum separation metric, defined as the closest distance
between the participant and an obstacle during a level.

E. Experimental Protocol

Ten able-bodied subjects were recruited for the study ap-
proved by the Georgia Tech Institutional Review Board (IRB
H18272). The number of subjects was calculated a-priori using
a power analysis (o = 0.05, 5 = 0.8) based on our pilot data.
The experiment spanned two days: a training day and a data
collection day. On training day, participants were given two
minutes of unconstrained level ground walking acclimation for
each of the three exoskeleton controllers. Next, participants
were trained to navigate sample levels with real-time health
feedback in each of the four visibility conditions. 12 sample
levels were generated exclusively for training using the same
process as the collection levels. Participants completed two sets
of 12 levels—first without and then with the exoskeleton. Finally,
participants completed 8 randomly-selected sample levels (one

for each combination of condition and visibility) without the use
of the real-time health bar; instead, the final health was revealed
upon completion of the level. This ensured that subjects did not
receive additional information about the locations of obstacles
from the damage rate of the health bar. On average, the training
portion of the protocol 2.5 hours, including breaks.

On collection day, subject performance was evaluated (1) with
and without exoskeleton feedback and (2) under four degrees of
visual occlusion. The blind condition with exoskeleton feedback
was only conducted on the last four subjects. The blind condition
without exoskeleton feedback was not evaluated because, based
on the rules of obstacle generation, collisions are guaranteed for
subjects taking the naive path in all but the control level. Each
of the seven conditions contained 16 trials, for a total of 112
trials. As in the final session of the training day, the health score
was revealed only after completing each level. The condition
order was randomized, and the level/trial order was randomized
within each condition. Conditions were separated by at least a
3-minute break, with a longer 10-minute break after the first
four conditions. The health metric, X-Y position, global head-
ing, kinematics, controller states, and reference torques were
logged. On average, the collection lasted 3.8 hours, including
breaks.

F. Statistical Analysis

Differences in performance across exoskeleton conditions
and visibilities were analyzed for each metric using a repeated-
measures ANCOVA, with the controller status (exo on, exo off)
and visibility as within-subject factors, and condition order as
a covariate to account for potential fatigue effects. If statisti-
cal significance was detected, post-hoc pairwise comparisons
were conducted between exo on and exo off conditions at each
visibility level, using Tukey’s HSD test to account for multiple
comparisons. Differences between visibilities were expected by
design, and so were not included in the analysis. All statistical
analyses were performed in MATLAB 2024a using a signifi-
cance threshold of a = 0.05.

V. RESULTS

A small subset of the trajectories is shown in Fig. 11. Video
demonstrations of the experiment can be found at [31]. All
results are shown in Table II.

The ANCOVA tests revealed significant main and interaction
effects for every metric except walking speed, for which only
the interaction effect was significant. Furthermore, using con-
dition order as a covariate, there is no statistical evidence that
differences in performance manifested due to either fatigue or
learning.

A. Health Score and Minimum Separation

Exoskeleton feedback significantly increased final health
scores in every visibility except clear, in which significance
was not detected (Fig. 12(a)). This trend was also observed
within every subject (Fig. 13). Interestingly, between-subject
performance in the exo on condition appeared to plateau after
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Fig. 12.

Comparison of average subject performance at different visibility levels. Error bars represent the standard deviation of the between-subject performance.

(a) Final health. (b) Minimum separation. (¢) Number of collisions. (d) Average speed. (e) Level completion time. (f) Path length. Asterisks indicate statistical
significance between conditions, where p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****). Only four subjects constitute the p = oo datapoint.

the impaired visibility condition. We evaluated this hypothesis
by performing another set of pairwise comparisons between
visibilities for each exo condition, using Tukey’s HSD test to
control for multiple comparisons. Significance was detected
between clear and impaired (p < 0.0001), clear and heavily
impaired (p < 0.0001), and clear and blind (p < 0.0001), but not
between any of the impaired visibility conditions. This suggests
that subject performance plateaus after p = 2 in the exo on
conditions.

Furthermore, exoskeleton feedback significantly increased
the minimum separation compared to the exo off condition in
both impaired visibility conditions, with no significance detected
in the clear condition (Fig. 12(b)).

Finally, we found that the minimum separation was highly
correlated with the final health scores. We performed regres-
sion using an asymptotic regression model and found r-squared
values of 0.75, 0.68, and 0.73 for the clear, impaired, and
heavily impaired visibilities, respectively. We also computed an
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TABLE II
SUMMARY OF RESULTS

‘ Exo Off ‘ Exo On ‘ p-values®
Metric Fog ‘ Mean + Std ‘ Mean + Std ‘ exo t-Test?
Final 0 88.7 =+ 1.9 86.3 + 3.5 0.56
Health 2 403 + 6.8 61.7 £ 4.5 <0.0001
(%) 4 25.5 £ 14.7 624 +£ 9.7 <0.0001
00 — 59.8 £ 1.2 —
Minimum 0 1.23 £ 0.15 1.40 £+ 0.18 0.09
Separation 2 0.44 £+ 0.09 0.76 £ 0.14 <0.0001
(m) 4 0.34 £ 0.14 0.76 £ 0.13 <0.0001
00 — 0.81 £+ 0.11 —
Number 0 0+0 0+0 —
Collisions 2 0.09 £+ 0.09 0.03 £ 0.06 0.10
4 0.31 £ 0.16 0.09 £ 0.08 <0.0001
00 — 0.23 4+ 0.04 —
Walking 0 1.03 £+ 0.17 1.01 £ 0.15 0.80
Speed 2 0.72 £ 0.13 0.74 £ 0.12 0.83
(m/s) 4 0.70 £ 0.13 0.71 £ 0.13 0.87
00 — 0.80 £+ 0.11 —
Completion 0 94+ 14 10.1 £ 1.6 0.66
Time 2 133 £23 15.0 £ 3.6 0.12
(s) 4 13.6 £ 2.6 173 £5.8 0.02
0 — 143 £ 23 =
Path 0 93+ 04 99 £ 04 0.19
Length 2 9.1 £ 04 10.7 £ 1.0 0.0001
(m) 4 9.2 £ 0.6 116 £ 1.8 <0.0001
o0 — 11.2 £ 0.3 —
“Bolded p-values indicate statistical significance for oo = 0.05.
®Only the comparisons between the exo on and exo off conditions within
each visibility are represented by the exo t-Test to focus on the effects
the exoskeleton. Differences between visibilities are expected by design.
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Fig. 13. Health scores averaged within (colored bars) and between (translu-
cent) bars for different levels of visibility. Error bars represent the standard
deviation of the between-subject performance. Asterisks indicate statistical sig-
nificance between exo on and exo off conditions, where p < 0.05 (¥), p < 0.01
(**), p < 0.001 (***), p < 0.0001 (*¥***).
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Fig. 14. A comparison between the final health and the minimum separation
using every datapoint. The top row illustrates this relationship for the clear,
impaired, and heavily impaired visibilities, respectively. The bottom plot is an
aggregate of all trials, including the blind condition. Regression analysis was also
performed, using an exponential asymptotic model with equation y = a(1 —
e’bz). Since the health score is not continuous at zero, trials with zero health
were not used for the regression.

r-squared value of 0.74 for the aggregated dataset (Fig. 14),
which indicates a strong correlation.

B. Collisions

The average number of collisions observed in every trial
increased with increasing fog density. In the impaired visibility
conditions, exoskeleton feedback significantly decreased the
average number of collisions per level (Fig. 12(c)).

C. Trajectory Metrics

Exoskeleton feedback did not appear to affect walking speed,
but significantly increased path lengths in the impaired visibil-
ities (Fig. 12(d), (f)). Completion times were not significantly
increased by exoskeleton feedback for all but the heavily im-
paired condition, for the exo significantly increased completion
time (Fig. 12(e)).

VI. DISCUSSION

A. Performance Assessment

Our findings suggest that the proposed control framework
is a viable and effective method for reducing operator expo-
sure to danger in environments with poor visibility. Significant
performance improvements, as measured by the final health
score, were observed when the controller was enabled in each
of the reduced visibility conditions. While there is no real-world
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interpretation of the health score, we can derive a protocol-
specific interpretation by using it as a predictor of minimum
separation from obstacles, where a strong correlation was ob-
served. Exoskeleton feedback also reduced the average number
of collisions by over threefold in each of the impaired visibility
conditions. This suggests potential safety benefits for workers in
hazardous environments, distracted individuals, and/or visually
impaired populations, though additional work is necessary to
test each of these hypotheses.

The lack of significant difference in exposure risk in the
impaired visibility exo conditions also deviated from our expec-
tation that performance would worsen as visibility decreased.
We believe this occurred because participants mostly relied
on exoskeleton feedback rather than visual cues for naviga-
tion. This is likely a consequence of the decision to make
the obstacles’ effect radius larger than the range of visibility.
We hypothesize that a correlation between visibility and final
health exists between visibilities p =0 and p = 2. Despite
this, our findings suggest that subjects were able and willing
to accept the suggested routing, even at the lowest visibility
level.

Curiously, the exoskeleton largely did not affect participant
walking speeds in any of the visibility conditions. We hypoth-
esized that this occurred because potential increases in walking
speed enabled by the assistive controller were counteracted by
the resistive and turning controllers. To test this hypothesis,
we isolated parts of the trials where the assistive controller
was active (i.e., when participants were moving away from
obstacles) and computed average walking speeds for each. We
then computed the relative increase in walking speed compared
to the remainder of the trial. We compared the difference in the
exo on condition to that in the exo off condition to determine if
the increase in speed was attributable to the controller or the user
(based on the observation that they cleared the last obstacle). We
determined that, in the exo on conditions, participant walking
speeds increased by 29.7% compared to 19.1% in the exo off
conditions. However, it is unclear if this difference was a con-
sequence of biomechanical assistance or a feedback mechanism
informing the wearer that they cleared the obstacle. Finally, is
also unclear if any further increases in self-selected walking
speed were offset by the weight and inertia of the device. It
is possible that a lighter platform may have resulted in more
pronounced increases in walking speed.

Lastly, the trajectory analysis results show that path lengths
were longer on average with exoskeleton feedback compared
to without. This behavior likely stems from the exoskeleton
suggesting safer paths, which required larger deviations from
the direct route. Supporting this, we observed (1) increased
trial completion times on average, despite mostly unaffected
average speeds, and (2) greater separation from obstacles when
the controller was active. This is a reasonable trade-off, as the
controller was designed to prioritize safety over path efficiency.

B. Experimental Limitations

An investigation into failed trials (i.e., heng = 0) revealed that
the two leading causes of collisions for the exo on conditions
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were (1) navigating into local minima and (2) being pushed out
of bounds (Fig. 16).

1) Local Minima: Local minima occurred when the repul-
sive fields of two obstacles overlapped, causing repulsion of
equal magnitude in opposite directions. At these points, the
discontinuity in VU caused jumps in ¢safe, resulting in mixed
exoskeleton feedback. Though experienced users in pilot studies
were able to consistently identify these minimums as valid
paths, less experienced participants occasionally reported some
confusion. We can infer a similar story from the data, where
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participant performance decreased in levels with higher obstacle
counts (Fig. 15), apparent from the inverse relationship between
final health scores and the number of obstacles per level in
the exo on conditions. Since the same relationship is not as
prominent in the exo off conditions, we believe it is best ex-
plained by non-intuitive exoskeleton feedback in the presence
of multiple obstacles. This suggests that the current implemen-
tation of the controller may not be optimal for close-quarters
navigation.

Local minima are a well understood failure mode of artificial
potential fields, which have known solutions including:

¢ implementing ahomeomorphism to transform the potential

surface into one with no local minimums [32].

e defining ¢gap using a method other than gradient descent.

Though we sought to demonstrate the effectiveness of this
approach using the simplest and most general form of artificial
potential fields, we believe future implementations could ben-
efit from implementing one of the aforementioned solutions or
utilizing a comparable navigation algorithm.

2) Out of Bounds: The out-of-bounds problem resulted from
the space limitations imposed by the virtual reality platform.
Subjects reported receiving turning commands directing them
to overshoot the field boundary, in which case they expressed
having no choice but to ignore the suggested direction (often
resulting in a collision). One considered solution was to define
the boundaries as repulsive obstacles, but this idea was rejected
because (1) the effective safe space would be very small and (2)
it would exacerbate the local minimum problem for obstacles
near the boundary. We believe that this effect would be less
pronounced in a setting where wearers are less concerned about
experimental boundaries.

C. Design Limitations

The most apparent limitation of the proposed design is its
reliance on precise obstacle and wearer positions. In structured
environments like warehouses or construction zones, this can be
accomplished by using mounted cameras or co-robots. However,
this is often neither feasible nor practical, especially in unstruc-
tured environments. In these instances, we propose leveraging
egocentric sensing methods to assist with mapping and planning.
Research in wearable robotics has already demonstrated the
feasibility of using cameras [33], [34], [35], [36] and LiDAR [36]
to aid in navigation; we intend to incorporate both in our future
work. Another limitation of this design is the choice of only
actuating a single joint. We selected a single-joint platform to (1)
demonstrate that the framework is effective even in exoskeletons
with limited control authority and (2) be compatible with the
majority of existing hip exoskeletons. Integrating this framework
onto an exoskeleton platform that supports multiple degrees
of freedom could more accurately reproduce human dynamics
during obstacle evasion. Furthermore, the current implementa-
tion of the assistive impedance controller utilizes parameters
derived from the biomechanics of level-ground walking at a
speed of 1.25 m/s. This walking speed proved to be an incorrect
assumption, as people chose to walk slower in these environ-
ments (Fig. 12(d)). A continuous controller that adapts to other

walking speeds and ambulation modes can better model the
hip’s dynamics [37]. Finally, in scenarios where the suggested
direction conflicts with the user’s intent, the controller should
be designed to adapt as needed. The simplest solution to this
dilemma is to disable the controller if the heading error increases
over some time horizon. At a minimum, a physical override
button should be present.

VII. CONCLUSION

As actuator technology and real-time sensing capabilities
continue to improve, wearable exoskeletons are likely to be-
come more viable for use in dynamic workplaces. We believe
that the addition of a collision avoidance controller can be
very conducive to increasing worker safety. In this paper, we
present a first-of-its-kind controller for human navigation and
demonstrate evidence of its effectiveness through a series of
human-subject experiments. Our health score results indicate
that the exoskeleton provides significant benefits to vision alone
in conditions where visibility is limited to a range of ~ 1.3m
(p < 0.0001) and ~ 0.8m (p < 0.0001). The number of colli-
sions observed was reduced by ~3Xand ~3.4X in the impaired
and heavily impaired visibility conditions, respectively. These
results indicate that providing force-feedback in parallel with
a human is an effective strategy to improve overall naviga-
tion ability in low visibility environments, requiring minimal
training and no subject-specific tuning. Future work is nec-
essary to incorporate onboard sensors and refine this control
paradigm for real-world navigation with dynamic obstacles.
Additionally, comparative studies could examine performance
differences between the proposed force-feedback approach and
other existing haptic methods such as vibrotactile and upper limb
feedback. We are hopeful that future applications of this work
may include completely blind navigation (i.e., where the exact
position of the goal is not known) for both healthy and clinical
populations.
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