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Exoskeleton-Assisted Stance and Kneeling Balance
and Work Task Evaluation in Construction

Gayatri Sreenivasan, Chunchu Zhu, and Jingang Yi

Abstract—Construction workers experience serious safety
and health risks in hazardous working environments. Quiet
stance and kneeling are among the most common postures
performed by construction workers during their daily work.
This paper first analyzes lower-limb joint influence on neural
balance control strategies using the frequency behavior of the
intersection point of ground reaction forces. To evaluate the
impact of elevation and wearable knee exoskeletons on postural
balance and welding task performance, we design virtual- and
mixed-reality (VR/MR) to simulate elevated environments and
welding tasks. A linear quadratic regulator-controlled triple-
and double-link inverted pendulum model is used for balance
strategy quantification in stance and kneeling, respectively. Ex-
tensive multi-subject experiments are conducted to evaluate the
usability of wearable exoskeletons in destabilizing construction
environments. The quantified balance strategies capture the
significance of the knee joint during balance control of quiet
stance and kneeling gaits. Results show that center of pressure
sway area is reduced up to 62% in quiet stance and 39%
in kneeling gait for subjects tested in high-elevation worksites
with knee exoskeleton assistance. The balance and multitask
evaluation confirm and provide guidance on exoskeleton design
to mitigate the fall risk in construction.

Note to Practitioners—Construction workers commonly per-
form tasks that require prolonged quiet stance or kneeling
gaits on high elevations. Worker balance can be undermined
by chronic knee injuries, musculoskeletal disorders, and desta-
bilizing visual perturbations caused by occupational activi-
ties. Wearable knee exoskeletons have evolved as promising
interventions to reduce knee joint stress across a variety
of work gaits in construction. Emerging technologies such
as virtual- and mixed-reality (VR/MR) provide an enabling
tool to study underlying balance strategies to complete tasks
in dynamic environments. The VR/MR- generated immersive
elevated welding environment are leveraged to examine the
effects of threatening visual stimuli, wearable exoskeletons, and
construction tasks on worker balance and skill performance.
Intersection point height frequency analysis is used to quantify
the neural balance strategy during various testing scenarios. We
particularly explore the often-neglected role of the knee joint to
facilitate research on knee exoskeleton assisted balance in stance
and kneeling gaits. The experimental results provide insight into
the efficacy of knee exoskeletons in improving worker’s stability
and task performance in construction. The results highlight the
need for a holistic approach to exoskeleton design to ensure that
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developed solutions can be safely and successfully integrated
into the workplace environment.

Index Terms—Postural balance, knee exoskeleton, vir-
tual/mixed reality, automation in construction, biomechanics

I. INTRODUCTION

Construction workers commonly perform tasks that require
prolonged quiet stance or kneeling gaits in high elevations or
cluttered environments. These awkward gaits in construction
increase the risk of work-related musculoskeletal disorders
(WMSDs), such as knee pain or knee osteoarthritis [1]. In
both stance and kneeling gaits, human workers are inher-
ently unstable in an upright posture, requiring continuous
engagement of muscles to regulate joint torques and main-
tain postural stability [2], [3]. Although the neural balance
mechanism at quiet stance has been extensively studied,
the underlying control strategy remains elusive [4]. Previous
studies have investigated the ankle or hip strategies during
quiet standing [5], [6], and most of them used the single-
link inverted pendulum model to analyze human balance
strategies. The importance of the knee and hip joints at
quiet stance was demonstrated in [7], [8]. The knee joint
contribution to maintaining an upright stance is however
often overlooked. Few research work was reported for pos-
tural control of kneeling gaits. In [9], a comparative analysis
of quiet kneeling and stance postures was conducted with
a focus on the role of visual feedback during kneeling. A
single inverted pendulum model was used in [6] to study the
influences of elevation on the postural balance of kneeling
gait.

All of the works above primarily use the motion of
the center of mass (COM) or center of pressure (COP)
of the foot-ground contact to quantify the human balance
performance. Metrics such as power spectral density (PSD)
of the COP and acceleration were used to compare and
discriminate between quiet stance and kneeling [6], [9].
The metrics solely derived from COP or COM are limited
in capturing the balance dynamics and control as they are
unable to account for both translational and rotational body
accelerations simultaneously. To address these limitations, the
study in [4], [10] introduced the intersection point (IP) of the
ground reaction forces (GRF) during quiet stance. In [11],
a double-link inverted pendulum (DIP) model was used to
quantify the frequency-dependence of the IP height during
quiet stance. The study focused on quantifying ankle and hip
joint strategies and emphasized the importance of multiple
joint-level contributions to overall balance control.
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Among the diverse environmental factors affecting bal-
ance control for construction workers, elevation is notably
significant [12]-[14]. Acrophobia exacerbates this challenge,
as it leads individuals to overestimate heights, intensifying
fear and triggering physiological reactions that undermine
balance [15]. Additionally, visual and environmental pertur-
bations further compromise postural stability [16]. To address
these challenges, wearable devices like knee exoskeletons
have emerged as pivotal fall risk interventions [17]-[20].
However, few work has been reported on knee-based balance
augmentation for stance and kneeling. Virtual- and mixed-
reality (VR/MR) has been used to simulate high-elevation
conditions and study neural balance control among construc-
tion workers [6], [21]. The work in [22] showed safety
reinforcement training on fall prevention for construction
workers using VR scenes. The work in [23] conducted neu-
rophysiological assessments for welding task performance
at virtual height to study cognitive effects on balance. A
comprehensive review of VR/MR applications in construction
safety can be found in [24].

One main goal of this work is to study the influence
of lower-limb joints, particularly the often-overlooked knee
joint, on neural balance control in stance and kneeling
gaits. We also evaluate the impact of elevation and wear-
able knee exoskeletons on postural balance and welding
task performance in a realistic construction environment.
Similar to previous studies (e.g., [11], [25], [26]), a linear
quadratic regulator (LQR) is used as the human neural
balance controller. Triple- and double-link inverted pendulum
(TIP and DIP) models are taken to capture the joint-level
effects for quiet stance and kneeling gaits, respectively. The
models are used to quantify the observed neural balance
control strategy from the frequency characteristics of the
IP heights. The LQR allows for the explicit consideration
of different parameters on balance performance, facilitating
the interpretation of results in terms of physiological and
biomechanical implications [11]. Human subject experiments
are conducted using incorporating VR/MR environments that
simulate realistic welding worksites at varying elevations to
evaluate the influence of elevation on postural balance and
task performance. The subjects are outfitted with a wearable
knee exoskeleton to test the usability and functionality of
the intervention. The combination of experimental data and
model analysis helps the extraction of physiologically plausi-
ble insights into the balance strategy chosen by subjects. Both
objective metrics and human subjective feedback confirm that
the exoskeletons have promising potentials to improve both
balance and task execution efficiency in construction.

The main contributions of this work are twofold. First,
the study introduces new modeling and analysis for neural
balance control that accounts for knee joint strategy with
the IP height as the performance metric for both quiet
stance and kneeling. To the authors’ best knowledge, no
previously reported work elucidates the involvement of knee
joint strategy in stance or kneeling gaits. Second, this study
provides a comprehensive evaluation of how elevation and
wearable exoskeletons affect balance and task performance in

construction. The quantitative findings offer valuable insights
for the development of balance-enhanced wearable robotic in-
terventions. This study integrates VR/MR to simulate realistic
construction trades, which improves the accuracy of assessing
exoskeleton-assisted balance and skilled task performance.
Compared with the previous conference presentation [27] that
focused only on quiet stance, this work extends to kneeling
gaits by introducing the TIP/DIP models to investigate the
joint-level effects on postural balance control. The use of the
LQR neural controller allows us to analyze the hip, knee, and
ankle joints’ contributions specifically to stance and kneeling
balance. The analysis and comparison with experiments are
new and contribute to a broader understanding of different
work postures in construction.

The rest of the paper is organized as follows. We introduce
the multi-link models and neural balance control in Sec-
tion II. The experimental setup and protocols are presented
in Section III. Data analysis and processing pipelines are
explained in Section IV. Section V presents the experimental
results, followed by discussions in Section VI. Finally, we
give the concluding summary in Section VII.

II. MULTI-LINK MODELS AND BALANCE CONTROL

In this section, we first present the inverted pendulum
models that describe quiet stance and kneeling, respectively.
Next, the IP for human postural balance is discussed and we
then present the LQR-based neural controller.

A. Biomechanical Models for Stance and Kneeling

Fig. 1(a) illustrates the welder’s stance posture and
schematic consisting of three interconnected segments. The
upper segment, which includes the head, arms, and trunk, is
connected to the middle segment, representing the thigh, and
the lower segment, representing the shank. Fig. 1(b) shows
the welder’s working pose when kneeling on the ground
with both legs alongside the schematic of the DIP model.
In the case of quiet stance, the ankle joint is assumed to
be the pin joint on the ground, whereas for kneeling, the
knee joint is assumed to be the pin joint on the ground and
feet are assumed to support no weights. Several assumptions
are considered to model quiet stance and kneeling gaits.
Small angle approximation is used by assuming that body
movements remain small. We focus on planar motion in only
the sagittal plane. The human body is modeled as a series
of rigid segments (via DIP and TIP models). Additionally,
we assume that human workers maintain a stationary posture
around the unstable equilibrium with only the foot or knee in
contact with the ground, in other words, we do not consider
multi-contact postures such as when workers lean forward or
use their hands for additional support.

The joint angles and joint torques at the ankle, knee, and
hip are denoted as 6; and 7, i = 1,2,3, respectively. The
masses and mass moments of inertia about the centers of
each link are denoted as m; and I;, ¢« = 1, 2, 3, respectively.
The distance between the mass center and the lower end of
each link is denoted as I.,, ¢ = 1, 2, 3, respectively. Defining
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Fig. 1.
stance; schematic of the TIP model. (b) From left to right: welder kneels on both legs; schematic of the COM and IP in kneeling gait; schematic of the
DIP model.

0; = [01 0 03] and B, = [0, O3], the equations of motion
for the TIP/DIP models are written as

M;(0:)8; + Ci(0:,0,)0, + Gi(6;) = T4, i=t.d, (1)
where M ;(0,), C,(0;, éi), and G;(6;) are the inertia, Cori-
olis, gravitational matrices, and subscripts “t” and “d” for
the TIP and DIP models, respectively. The details of these
matrices are given in [28]. The human neural joint torques
T; are given as

T, =T; +w,;, i =1t,d,

where 75 = [11 72 73])7 and 75 = [ 73])7, wi ~ N(0,0;)
are the joint torque perturbations that are modeled as inde-
pendently white Gaussian noises with zero mean and variance
o = diag(c?,03,03) and o4 = diag(c3,03).

T
Introducing x; = [HlT 0,]", i =t,d, from (1), we obtain

0;

M6y (Ti —Ci(0;,6;) — Gi(ai)> @
The position vectors of the COM are denoted
as rM = [zmzmT, i = t,d, for stance and
kneeling  gaits, respectively. For stance posture,
" = —le189, =280, 40, —1c380, 10,40, and
2" = le1 Co, +Hlea oy 46, +les Co, 10,465, Where notations
Sp, = sinb;, ¢y, = cosby, sg, 49, = sin(f; + 0;), and

cg,+0, = cos(f; + 0;) for angles 0; and 0;, i # j,
1,7 = 1,2, 3. For quiet stance, we define the Jacobian matrix
of the COM to x; as JM = —[JM JgM2 gMs] where
ng\/ll = Tiw’ ‘]iwd = [lC3 CO1+02+03 les S91+92+93]T’ and
JMe [lcz Coy+0, tle3 Cel+92+93] _
le2 80,405 1350, 405404

For kneeling gait, ' = —lc28p, —lc380,40, and z' =

lea co, +lc3 Coyr0,. The Jacobian matrix of the COM is
M My 7M. M.

Jd = _[Jd ? Jd 3}’ where Jd := [l03 Cor+-03 les S92+93]T

and

JI\/IQ _ ZCQ C92 +lC3 C+92+93
d lea 89, +lc3 50,104

1. 1. 3 1.
§7n1l1+2j:1:+1 mil;
ml >

In the above model for quiet stance, [.; =

1| \(CoP(i+ o)
- = COP(t)” F(/t)}‘* F(t+dt)
(b)

Stance and kneeling gaits in construction. (a) From left to right: Welder stands while conducting welding task; schematic of COM and IP in

i = 1,2,3, and m! = my + ma + mg. For kneeling gait,
%milmLZ?:iJrl mylj
mg
acceleration of the COM is obtained as ¥}/ = [J; JM]&; =
. LM _ .
JIMa;, where JM = [J;,” JM], i = t,d. The GRFs in the

horizontal and vertical directions are computed as

T tm
Fz =m;T;,

lei = . i = 2,3, ml, = my+ms . The

Fl=mi(i"+g), i=td, (3

where g = 9.8 m/s? is the gravitational constant,

B. Intersection Point

The IP is the point in space where the net GRF vectors at
adjacent time steps intersect. Fig. 1 illustrates the IP concept
for quiet stance and kneeling. The IP height, denoted by App,
is calculated using the COP and GRF data obtained from
force plate measurements. The angle between the GRF vector
and the vertical direction is denoted as ¢(¢) at time ¢; see
Fig. 1. Assuming subtle movements of the body and using a
small angle approximation, we obtain

Fu(t)
F.(t)

where F(t) = [F,(t) F.(t)]T is the GRF vectvor at t. It is
clear that the relation between unfiltered ¢(¢) and COP is not
linear. To calculate hrp, we consider the COP position along
the z-direction, denoted by zcp(t), at time moments of ¢ and
t 4+ dt. From Fig. 1, we obtain

o l‘cp(t)
~ hip(t)

We solve for hp(t) from (5) and obtain

hlp(t) _ l‘cp(t + 5t) xcp(t) ) (6)
q(t) — q(t + ot)

Unlike traditional methods such as COP or COM analy-
sis, the IP model accounts for both translational and rota-
tional accelerations of the body, providing a comprehensive
perspective on balance control strategies. By incorporating
both aspects of body motion, IP analysis offers a holistic
understanding of how individuals maintain postural stability.
Specifically, IP height across different frequencies serves

; 4)

a(t) ~ tan(q(t)) = ]

zep(t + 6t)
hip(t)

. q(t+dt) = (5)
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as a crucial metric for quantifying neuromuscular control
efforts [4]. The frequency analysis is essential because
balance control involves movements at different speeds.
Low-frequency components reflect active, slower, and large-
amplitude adjustments like swaying to maintain posture,
while high-frequency elements capture passive, rapid, and
small-amplitude corrections in response to quick perturba-
tions [29]. Analyzing these different frequency components
helps understand how the body’s control mechanisms shift.

IP height is directly related to this frequency analysis
because it changes systematically across different frequency
bands [4]. At low frequencies, the IP height is typically above
the COM, indicating that the control strategy emphasizes
active rotational stability through the hip and ankle joints.
This corresponds to slower, larger adjustments in posture,
where the body consciously engages in active neuromus-
cular control, such as muscle co-contractions and sensory
feedback, to counterbalance significant deviations from an
upright stance. As the frequency increases, the IP height
moves below the COM. This shift reflects a change in control
strategy toward passive, rapid, fine-tuned adjustments, pri-
marily through the lower body. At these higher frequencies,
the body relies less on active control and more on the passive
mechanical properties of the muscles and joints, such as joint
stiffness and elasticity, to manage small, quick perturbations
and maintain stability.

C. Neural Balance Control

We linearize (2) around the upright equilibrium, that is,
xf = 0 under input 7{ = 0, and obtain the linearized system
&; = Alz; + Bi7; + Blw;, i =t,d, ©)

¢, 7% =75 — 75 and A and B! are
the state and input matrices, respectively. The cost function
is given as

where x; = x; — x¢

Ji = / (] Q.z; + (7)" R;7T}] dt, (8)
0

where positive symmetric definite matrices @, and R, pe-
nalize the state and control input, respectively. The solution
to (8) is T{ = —KZ-L:BZ», where Kf is the gain matrix that
is solved by the Riccati equation. Matrix R;, ¢ = t,d, is
selected and designed as

R; = i f3;, €))

where «; is the parameter related to overall control effort,
and B, describes the relative magnitude of joint efforts.
Here 3, = diag(fi, B2, 33) for the stance controller, and
B, = diag(B2, B3) for the kneeling controller. 81, 32, and S3
represent effort at the ankle, knee, and hip joints, respectively.
The LQR neural control guarantees stability if (Al BY) is
controllable, and Q); is chosen as an identity matrix to equally
penalize each state’s deviation.

Following observations from [11], the physiological effects
of balance control strategies at the joint level can be inferred
from the LQR-based neural controller controller parameters

oy, B;, o;. Specifically, «; characterizes the control effort
employed to attain stability, 3, represents the contribution of
ankle, knee, and hip joints to balance control, and o ; captures
the neuromuscular impedance and noise at each joint.

The output of (7) is considered as y;; = —F}, i = t,d,
and 1o, = 71 (ankle torque for stance) or yoq = 7o (knee
torque for kneeling) that are directly measured from force
plate. The negative sign in y; is due to the convention that
a positive horizontal GRF is directed towards the positive x-
axis; see Fig. 1(a). From (3) and using the Jacobian matrix,
we obtain

yu = —mjit = —mi[1 017" &; = Cyxi + D; 3,

where C; = —my[1 0]7M Al and Dy; = —m[1 0]TM B
It is clear that yo; = Do, 75, where Dy; = [1 0,], i = t.d,
and 0; = [0 0] and 04 = 0. Therefore, output equation is

Y| C,; ) Dy; s
y,i—Lm]—{O}wﬁ-[D%]ﬁ,z—t,d.

III. EXPERIMENTS

A. Experiment Setup and Protocol

Fig. 2 shows the experimental setup for quiet stance and
kneeling gaits in construction. A wearable inertial measure-
ment unit (IMU) (from LP-RESEARCH Inc.) was attached
to the subject’s chest to measure postural sway accelerations.
A force plate (from Bertec Corporation) was used to collect
GRF and COP data. A heart rate sensor (from World Famous
Electronics LLC.) was used to capture the subject’s heart
rate during experiments. The human subjects were also
equipped with bilateral knee exoskeletons to provide assistive
torques and distribute musculoskeletal load and stress from
the knee joint to the thigh and shank. The exoskeleton’s
weight is supported by a waist belt, which is connected to
the thigh support frame through elastic straps. The belt also
contains an integrated compartment for the microcontroller
and battery. The elastic straps secure the knee actuator,
ensuring proper alignment. The thigh support frame includes
a height-adjustable aluminum linkage on the lateral side of
the leg, along with cuffs positioned on the back of the upper
thigh and front of the lower thigh. The knee joint actuation
system possessed high-torque, high-backdrivability, and high-
bandwidth features [30].

The portable knee exoskeleton features a compact and
lightweight design (unilateral unit weighed only 1.7 kg,
including electronics and battery); see Fig. 2. Each leg
has a quasi-direct drive actuator (35 Nm peak torque) to
provide a large range of motion (0-160 deg flexion), and high
rotation speed (16.2 rad/s). The exoskeleton torque control
was implemented on a low-level microcontroller (from PJRC
Teensy) via CAN bus. All sensor data were synchronized
and collected at 100 Hz using custom Python scripts run-
ning on a portable high-performance microcomputer (model
NUCT7i7DNK, Intel Corp.) The system ensures precise time-
stamping of sensor data, enabling accurate synchronization
during post-processing and analysis.
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Kneeling Experiments

The VR/MR-enhanced human subject balance experiment setup with wearable knee exoskeletons for Protocols A (left) and B (mid), and an

explanation for the kneeling experiments and the 95% acceleration and sway ellipse area (right).

Low Elevation

High Elevation

Fig. 3.

A VR system (HTC Vive Pro) was employed to immerse
the subjects in diverse visual environments during test trials.
A virtual construction site was built with the Unity game
engine to simulate the typical low-elevation (LE) and high-
elevation (HE) construction work environments. Fig. 3(a)
shows the VR viewpoint for the quiet stance and Fig. 3(b)
shows the VR scene for welding tasks. The LE scenario
depicted the subject standing on a small platform slightly
elevated from the ground. The HE scenario on the other hand
simulated the subject standing atop a 30-story building under
ongoing construction.

Eleven able-bodied human subjects (4 females, 7 males,
weight: 67 £ 10 kg, height: 170 £ 8 cm, age: 25 £+ 2.5 years)
were recruited in the study. All participants provided in-
formed consent and self-reported being in good health.
The experimental protocol was approved by the Institutional
Review Board (IRB) at Rutgers University. This study’s
experimental protocol encompasses two gait situations: quiet
stance and kneeling. Each gait experiment is subdivided into
two protocols, labeled Protocols A and B. The subjects were
labeled from S1 to S11. The stance experiments involved
the participation of 2 female and 5 male subjects, while
the kneeling experiments were conducted with a group of 2
female and 4 male subjects. Subjects S6 and S7 participated
in both stance and kneeling experiments.

1) Protocol A - Posture balance evaluation: Subjects were
asked to perform a quiet stance and kneeling task while main-
taining balance in a simulated environment for 60 s. Subjects
were given motion training to mimic construction worker

High Elevation Welding

Low Elevation Welding

(b)

(a) VR scene in Unity engine at LE (left) and HE (right) views. (b) VR view in the welding tasks at LE ground view (left) and HE view (right).

gaits based on consultations with construction professionals.
No additional contact points such as hands or other body
parts were allowed during the experiment tasks. The visual
stimuli varied between trials by altering the LE and HE. This
setup facilitated two distinct trials, each designed to assess
the impact of elevation perception on balance. The wearable
knee exoskeleton was introduced in a subsequent variation.

The results in [31] have shown that the knee joint’s
deviation from a natural stance is small and a stiffness-based
controller effectively reduces muscle fatigue and enhances
balance. Consequently, a stiffness knee torque controller
T. = —k,.0 was used for the quiet stance, where 7, is the
exoskeleton output torque, k, represents the reference joint
stiffness, and 62 denotes the knee joint’s deviation from a
natural stance. In contrast, during kneeling, the knee joint
acts as a pin joint, bearing a significant portion of the body’s
weight. This increased loading on the knee joint leads to large
variations in joint angles and requires great effort to maintain
balance. Inspired by the work in [32], the inertia and Coriolis
terms in (1) are neglected and a proportional-derivative (PD)
knee assistive torque controller with gravity compensation is
considered

. m
Te = —kpla — kqb2 — g ?3 (280, — lesses) + malease, | ,

where k, and k; are the proportional and derivative gains,
respectively, and v € (0, 1) is the assistance weight factor.
Subjects were required to complete four trials in Protocol

A. The trials, termed test of interest (TOI), incorporated both
elevation scenarios with and without the exoskeleton support:
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(i) TOI 1: LE without the exoskeleton; (ii) TOI 2: HE without
the exoskeleton; (iii) TOI 3: LE with the exoskeleton; and
(iv) TOI 4: HE with the exoskeleton. A five-min rest period
was given between each trial to minimize fatigue and ensure
consistent performance.

2) Protocol B - Welding task assessment: A welding trade
was considered as welders often have to hold awkward gaits
while conducting tasks with precision requirements. The dual
task of maintaining upright balance and performing welding
accurately is challenging. Protocol B introduced a welding
task in the VR scene (see Fig. 3(b)) and generated a dynamic
and task-focused assessment. As shown in Fig. 2, participants
were equipped with a VR controller in their dominant hand to
emulate a welding gun, and were asked to weld a workpiece
as accurately as possible within the VR environment. To
enhance realism, welding gloves were provided and no time
constraints were imposed. The welding task was visually
represented by ink emitted from the weld gun tip upon
contact with the workpiece, resulting in a visual weld line.
The completed works were documented as screenshots for
subsequent analysis.

Similar to Protocol A, subjects underwent quiet stance and
kneeling with four TOIs in Protocol B: (i) TOI 5: Welding
task in an LE without the exoskeleton; (ii) TOI 6: Welding
task in an HE without the exoskeleton; (iii) TOI 7: Welding
task in an LE with the exoskeleton; and (iv) TOI 8: Welding
task in an HE with the exoskeleton. Participants were given
test trials to familiarize themselves with the welding setup
and operation. They were instructed to perform balance and
welding tasks exclusively in quiet stance and kneeling gaits,
without adopting any other postures. Participants were al-
lowed a 10-min rest period between each trial to prevent task-
induced fatigue and ensure accurate task execution. In both
Protocols A and B, the orders of the trials were randomized
for evaluation purposes.

In this study, participants wore the exoskeleton for ap-
proximately 60 min across various tasks and experimental
conditions. Although individual trials were relatively short,
with each lasting around 60 s, the cumulative exposure
time allowed for the assessment of the device’s comfort
and usability beyond initial wear effects. Participants were
provided with rest breaks between trials to minimize fatigue.
To evaluate safety and comfort, both quantitative measures
(e.g., postural sway, task performance, and physiological data
such as heart rate) and qualitative feedback were gathered
through post-experiment questionnaires, where subjects pro-
vided input on their comfort levels and overall experience
with the exoskeleton.

B. Data Collection and Processing Methods

During the experiments, the x- and y-axis were respec-
tively defined as anterior-posterior (A-P) and medial-lateral
(M-L) directions. Fig. 2 illustrates two key measurements
used in analysis to quantify movement variability and postu-
ral stability: the 95% acceleration ellipse area A2 and the
95% sway ellipse area A", i = t,d. A is calculated
as the elliptical area that contains 95% of the acceleration

variations (from IMU) in the A-P (&]") and M-L (¢;") planes.
It quantifies the variability in body accelerations and thus
reflects the dynamic control and execution of movement. In
contrast, Afway is obtained as the elliptical area that contains
95% COP data (from force plate) in the A-P (xcp) and
M-L (ycp) directions. It represents the spatial variability of
the COP movements, offering insights into the stability of
postural equilibrium and the subject’s ability to maintain or
regain balance.

To evaluate welding task performance, digital image pro-
cessing was used to analyze the images of the workpiece.
Fig. 4 illustrates the extraction of correctly targeted welded
area (A;), outside area (A,), unfinished area (A,), and the
total workpiece area (A,)p) to determine the accuracy of
the welding efforts and to evaluate any unfinished segments.
Three metrics were introduced to quantify the welding per-
formance: accuracy, precision, and completion rate. Accuracy
is defined as the ratio of the correctly welded area to
the total workpiece area, i.e., A‘i}t?. Precision measures the
amount of welding that falls outside the targeted area, that

Ao Completion rate is assessed by the percentage of the

is, 7
w P

workpiece that has been welded, that is, Vi Au o 100%.

T
wwTargerted Area A,

»QOutside Area A,

Unfinisr;-e-:d Area A,

Fig. 4. Image processing method explanation for welding performance
assessment on a virtual welding piece.

Subjective perceptions were also collected by pre- and
post-experiment questionnaires (provided in the supplemental
materials). Pre-experimentally, subjects’ inherent fear re-
sponses were quantified using the James Geer Fear (JGF)
questionnaire [33], and the Cohen Acrophobia (CA) question-
naire [34], aimed at understanding their reactions to heights.
Both questionnaires used a five-point Likert scale [35]. A
subsequent post-experiment questionnaire sought to elucidate
subjects’ experiences within the VR scene, their percep-
tions of the experimental procedures, and their comfort
and experience with the exoskeleton. This comprehensive
questionnaire approach aimed to refine and enhance the
experimental design through iterative feedback, while also
gathering specific insights on the usability of the wearable
device. This dual approach, melding subjective feedback with
objective data, provides a holistic understanding of the impact
of experimental conditions on both the psychological and
physiological dimensions of participant response, as well
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as the practicality and user acceptance of the exoskeleton
technology in the experimental context.

IV. DATA ANALYSIS AND SIMULATION

Fig. 5 shows the overall procedure for IP-based data anal-
ysis and multi-task assessment. The GRF and COP data were
first derived from the experimental and model simulation
data. To obtain the frequency curve for the hip, the COP and
GREF data in the A-P direction were first processed using a
Hann window. The windowed signals were then bandpass
filtered using a zero-lag, 2nd-order Butterworth filter into 38
non-overlapping frequency bands of 0.2 Hz width, centered
from 0.5 to 7.9 Hz. Parsing the signals into these bands
reveals an approximately linear relationship between the COP
and GRF data within each frequency band. The reciprocal
of the slope of this linear trace represents the hpp for the
corresponding frequency, as shown in (4) and (5).

Human Subjects
Experimental Data

Model Data

— Welding Task
Performance

— IMU Acc. Data

GRF & COP

IP Curve Extraction

Model Data Experimental Data
IP Curves IP Curves

%

Postual Balance Strategy
Comparison and Analysis

—- Heart Rate Data

[Multi-Task Assesment }

Fig. 5. Pipeline of intersection point height analysis and multi-task
assessments.

Fig. 6 shows an example of the IP frequency curve normal-
ized by hcom = z]*. We focus on the crossover frequency
(CF) of the IP height frequency curve with the COM height
(i.e., ratio hyp/hcom at one), denoted by w®F, and the slope
of the high-frequency asymptote (HFA), denoted by AHFA,
To determine and calculate k" from the IP curves, an
exponential fit was applied. For kneeling, the IP generally
lies above the COM and it is challenging to define the CF and
HFA in the same way as in stance. To maintain consistency
in the analysis of balance control strategies, we introduce the
concept of virtual CF and HFA by normalizing the IP height
as a fraction of the upright stance COM height; see Fig. 1(b).

el Crossover Frequency (CF)

=

o0

:.g

0! A S S

= : Mﬂg@
0 High Frequency Asymptote (HFA)

0 1 2 3 4 5 6 7 8
Frequency (Hz)

Fig. 6. Tllustration of the crossover frequency w " and the high-frequency
asymptote (HFA) with slope kHFA of the IP height frequency curve.

The IP frequency curves offer insights into human bal-
ance control strategies. At low frequencies, the IP height
greater than the COM height indicates active neuromuscular
engagement and high control effort to maintain balance.
As the frequency increases, the IP curve decays, suggest-
ing a transition from active to passive control strategies,
characterized by w®F. The HFA slope k" of the IP curve
represents the passive control mechanism dominant at higher
frequencies, reflecting the neuromechanical impedance of the
joints. This variation in IP height across frequencies provides
insights into how muscles and joints adapt to different bal-
ance demands—offering information beyond what traditional
COP or COM analysis can capture. By examining IP height
at different frequencies, it becomes possible to understand
how individuals adjust their balance strategies in response
to various conditions, such as task complexity or elevation
changes.

After extracting the IP frequency curves, statistical analysis
was conducted separately for the datasets of each subject
group. The behavior of the IP curve was assessed through the
quantification of three key parameters, namely, o, 3;, and
o;, © = t,d, for stance and kneeling, respectively. The PSD
of the COP data was also calculated to analyze the frequency
content of the postural sway. The PSD quantifies the energy
distribution of the COP signal across different frequency
bands, allowing for the identification of dominant frequencies
and their relative contributions to the overall postural control
strategy. The heart rate data was incorporated into the multi-
task assessment to examine the physiological responses of the
subjects during the experiments. By integrating these diverse
data sources, the study aims to provide a comprehensive
understanding of the interplay between postural balance,
exoskeleton assistance, task performance, and physiological
responses in construction work.

We also conducted simulations to analyze the impact of
various neural balance controller parameter sets on the IP
height frequency curve. The simulation allowed for the explo-
ration of a wide range of scenarios and conditions that may
be difficult or impossible to test experimentally. To simulate
and analyze the impact of control parameters on human
balance strategies, the TIP and DIP models with the LQR-
based neural controller with zero initial condition to compute
IP height frequency behaviors. Table I lists the parameter
values for the models that are determined by typical human
biomechanical data [36]. The simulation involved executing a
series of trials to analyze the model’s response under various
conditions, each lasting 50 s with data sampled at a frequency
of 100 Hz. To ensure robust statistical analysis, 30 trials were
conducted for each parameter set.

V. RESULTS

Figs. 7(a)-7(d) show the IP frequency curves for TOIs 1
to 4. The IP height magnitude is above the COM at low fre-
quencies, demonstrating highly active control effort at these
frequencies. The IP curve decays with increasing frequency,
indicating a reduced influence of active control. The IP curve
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Fig. 7. Top row: Normalized stance balance task IP height-frequency curves for 7 subjects from TOI1-TOI4: (a) LE without exoskeleton; (b) HE without
exoskeleton; (c) LE with exoskeleton; (d) HE with exoskeleton. Bottom row: Normalized stance welding task IP height-frequency curves for 7 subjects
from TOI5-TOI8: (e) LE without exoskeleton; (f) HE without exoskeleton; (g) LE with exoskeleton; (h) HE with exoskeleton.

TABLE 1
MODEL PARAMETERS FOR THE TIP AND DIP MODELS

Parameter Tip DIP
Link 1 Link 2 Link 3 Link 2 Link 3
m; (kg) 6 14 48 20 42
l; (m) 0.6 0.42 0.7 0.568 0.622
lei (M) 0.3 0.1 0.45 0.284 0.311
I; (kng) 0.264 0.1722 0.441 0.5 3.5

also reaches an asymptote below the COM at high frequen-
cies, suggesting a transition to passive control mechanisms.
The spikes in the IP frequency curve indicate changes in
balance strategy, which is the direct effort of an individual
attempting to stabilize the gait. On examining each individ-
ual’s IP curve across TOIs, several observations are obtained.
In the balance tests, for instance, subject S3 generated high-
frequency spikes in the IP curves with exoskeleton assistance.
The observation suggests a counter-intuitive perception of
instability, causing the subjects to alter their balance strate-
gies to maintain balance. Subject S6 also showed increased
variation in the IP curve with the exoskeleton. On the other
hand, the presence of the exoskeleton reduced both high-
frequency and high-magnitude spikes for S4. For S1, large
spikes are observed for LE cases at low frequencies, while
small spikes were observed for HE cases at high frequencies,
indicating a shift in balance strategy on experiencing altered
visual stimuli. It is evident that the interplay between HE
and exoskeleton use did not uniformly impact all individuals;
some subjects (e.g., S5 and S7) maintained a consistent and
stable balance strategy across all balance TOIs, regardless of
elevation or exoskeleton usage.

Figs. 7(e)-7(h) show the IP curves generated by subjects
performing quiet stance while conducting welding tasks. Ex-
amination of these curves across individual subjects reveals

that focusing on tasks (TOIs 5 to 8) generally enhances
postural stability. When compared to the quiet balance, most
subjects in kneeling gait exhibited smoother asymptotic be-
havior in the IP frequency response, which suggests a stable
control strategy employed during the welding tasks. This
improved stability can be a result of the subjects focusing
on the welding task, permitting a stable balance strategy to
be instinctively chosen. An exception to this trend is observed
in the case of subject S1, whose IP curve does not follow
the typical characteristics expected of healthy human quiet
stance. This can be attributed to the subject modifying their
gait during task performance, transitioning from an upright
stance to a quarter-squat position. Thus, IP curves have the
potential to discriminate between different types of gait.

Fig. 8 shows the IP height-frequency curves for the kneel-
ing balance task and the kneeling welding task for 6 subjects.
All kneeling curves are similar to the cases of quiet stance.
The IP height in relation to the COM is overall higher in
kneeling than in stance. The kneeling IP curves give insight
into individual balance strategies in response to different
testing stimuli. For the balance experiments, HE increased
the magnitude of high-frequency spikes in S8 and S11 and
reduced the spikes in S6. The exoskeleton assistance reduced
and increased high-frequency spikes in LE balance tests for
S8 and S9, respectively. When outfitted with the exoskeleton,
S6, S7, and S10 show smoother IP curves during welding
task. S9’s balance strategy varied greatly across all TOIs with
high-frequency spikes in all cases except TOI 4. Overall, S6,
S8, and S11 have smoother IP curves for TOIs 6 to 8 than
those in TOIs 1 to 4.

The one-way analysis of variance (ANOVA) was con-
ducted to analyze the differences in w{* and k™ across all
TOIs. Table II presents the resulting mean values and statisti-
cal significance of these parameters. Upon the introduction of
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Fig. 8.

Top row: Normalized kneeling balance task IP height-frequency curves for 6 subjects from TOI1-TOI4: (a) LE without exoskeleton; (b) HE

without exoskeleton; (c) LE with exoskeleton; (d) HE with exoskeleton. Bottom row: Normalized Kneeling welding task IP height-frequency curves for 6
subjects from TOI5-TOIS8: (a) LE without exoskeleton; (b) HE without exoskeleton; (c) LE with exoskeleton; (d) HE with exoskeleton.
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Fig. 9. Power spectral density of experimental COP results for (a) S4 under Protocol A with stance. (b) S4 under Protocol B with stance. (c¢) S7 under

Protocol A with kneeling. (d) S7 under Protocol B with kneeling.

TABLE I
MEAN IP DESCRIPTOR VALUES FOR ALL TOIS

| ToI

St (Hz)
[

wSF (Hz)
R4

| L | 2|8 | 4|5 |6 ] 7|38 |
32 | 36 | 32 | 34 | 22 | 27 | 24 | 26
0.103 | 0.068 | 0.117 | 0.010 | 0.018 | 0.022 | 0.012 | 0.018
39 | 39 | 41 | 41| 5 | 39| 5 | 42
0.023 | 0.014 | 0.014 | 0.043 | 0.018 | 0.052 | 0.047 | 0.033

the exoskeleton, there was a discernible decrease in the mean
CF @CY during the balance experiments. This suggests a shift
in the balance control strategy employed by the subjects. The
value of @°F was also found to increase with the HE visuals.
For the welding task scenario, overall wtCF is lower than that
of the balance scenario, indicating the introduction of the task
reduced balance control effort. While the combination of the
exoskeleton and HE visuals lowered @St in the balancing
experiments, performing welding tasks increased its value.
The mean slope of the HFA |k!f| had a higher magnitude for
the balance experiments than the welding task experiments.
The condition of HE without exoskeleton had the lowest

magnitude of k™|, while LE with exoskeleton support had
the highest |£HFA| in balancing experiments. The vice-versa
was true for the welding task performance experiments. The
kneeling IP descriptors are also presented in Table. II. The
value of @G does not vary with visual stimuli. It however
increases with the exoskeleton assistance and welding task.
The task performance increases the magnitude of |k1FA| for
HE without exoskeleton assistance and LE with exoskeleton
assistance. For LE without exoskeleton support and HE with
exoskeleton support, the values of |kfFA| however decreased.

Fig. 9 shows the PSD curves under various test conditions.
The figures compare the PSD results across the balance and
welding tasks during stance and kneeling gaits. By examining
the PSD plots, we can concisely analyze the postural sway
behavior. For example, low postural sway is observed in
welding task TOIs (asymptote begins around 0.4-0.6 Hz)
compared to the balance TOIs (asymptote begins around
3-4 Hz), regardless of the gait performed. Stance overall
has higher postural sway than kneeling gait as showcased
by the PSD frequency curves located at high frequencies.
High-elevation visual feedback caused more postural sway
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during stance than kneeling gait as seen by the higher area
under the curve. While the exoskeleton reduced the sway
in most TOlIs, it allowed for increased sway in TOIs 7
and 8 during kneeling. As shown in Figs. 7 and 8, the IP
metric complements these observations by providing detailed
physiological and joint-level insights.

15 T
ExtensionT

25
e 0 .
Kneeling, TOI4
St == == Stance, TOI4
0 5 10
Time (s)

Fig. 10. An example of knee exoskeleton output torque 7 for both stance
and kneeling gaits in TOI 4.

Fig. 10 shows an example of assistive torque 7. by
the exoskeleton during a 10-s interval for both stance and
kneeling gaits in TOI 4 from one subject. The stiffness-based
controller during quiet stance generated extension torques
and the PD controller for kneeling demonstrated dynamic
torque range. These torque outputs helped maintain the knee
joint’s desired position and stability. The effectiveness of the
exoskeleton assistance in improving balance can be further
observed through metrics such as the AS" and AAc, as
shown in Fig. 11. The reduced ellipse areas in the presence
of the exoskeleton, particularly during HE conditions and
welding tasks, indicate that the device contributes to better
postural stability and reduced body sway.

Fig. 12 further compares the sway acceleration ellipses
and the postural sway ellipses for TOIs 2 and 4 experiments.
The relatively larger ellipse areas for the kneeling gait
compared to the stance gait, particularly under TOI 2, suggest
that kneeling is inherently less stable than stance. In the
presence of higher cognitive load and visual disturbances,
the exoskeleton provides significant support and stabilization
during kneeling tasks, as evidenced by the reduced ellipse
size compared to TOI 2. Table III lists the mean and standard
deviation of A7 and Afway as quantitative assessments of
postural stability. For stance, there is a notable decrease in av-
erage A?™™ from TOI 1 and 2, signaling that subjects reduced
their sway in response to visually induced stress. However,
an increase of A7 suggests that the subjects responded
with significant dynamic control to maintain this constrained
posture. The stabilizing effect of the exoskeleton was evident
in TOI 3, where reduced A;™ and A% correspond to a
relaxed stance, while in TOI 4, with high Afway but low
A2 values, indicates deliberate and controlled movements.
Welding tasks, particularly TOI 6, show the largest A2 and
AP indicating that engagement in the task necessitates
broader movements. For the kneeling condition, the overall
Afce and AS™ are smaller compared to the quiet stance
condition, suggesting that the kneeling posture inherently
constrains motion.

Fig. 13 shows the task performance through three metrics
for the welding task across TOI 5 to 8. The ANOVA analysis
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Fig. 11. Aiway (left) and A% (right) for a representative subject (S7)

during kneeling experiments under different TOIs.
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Fig. 12.  Comparison of AS™™ (left) and A2 (right) between kneeling
and stance gaits under TOIs 2 and 4.

revealed significant differences across TOIs for performance
metrics. For quiet stance, it is observed that the incorporation
of the exoskeleton in TOIs 7 and 8 correlates with improved
accuracy and completion rate. Specifically, accuracy and
completion rate were significantly higher in TOI 8 compared
to TOI 5 (p < 0.05) and this suggests that the exoskeletons
improve performance at high elevations. The completion rate
in HE conditions (i.e., TOI 8) is particularly enhanced with
exoskeleton assistance, whereas precision appears to be less
influenced by the elevation or the presence of the exoskeleton.
The kneeling gait exhibits a similar trend in task performance
metrics. Precision was significantly higher in TOI 8 compared
to TOI 5 (p < 0.05). The use of the exoskeleton in TOIs 7
and 8 in kneeling gaits also leads to increased accuracy and
completion rate compared to TOIs 5 and 6 without exoskele-
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TABLE III
MEAN SWAY AREA (CM?2) AND SWAY ACCELERATION AREA (CM2/s)

| TOI | 1 2 \ 3 \ 4 5 \ 6 \ 7 \ 8 \
Ao |30.1421.6 | 38.7+24.9 | 17.2+16.4 | 14.9+9.9 | 248.24+354.8 | 371.2 £ 562.5 | 275.8 & 312.2 | 243.4 & 259.6
Afway 43.3+37.4 | 3244+21.2 | 15.3 +16.7 | 31.9 + 28.6 | 109.3+92.5 | 101.8 +68.2 134.5 +£107.9 101.44+77.4
Afee 119.9421.7 | 9.4+27 6.1 +6.0 10.9 £ 7.7 25.6 +19.8 35.4 £29.2 20.5 + 14.7 14.5 + 4.9
A | 26+28 | 2.9+34 1.5+1.3 1.8+ 1.2 14.4+£9.8 24.7 4 23.7 18.4 £20.3 21.1+15.5
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Fig. 13. Performance metrics for the virtual welding task across four TOIs for (a) quiet stance and (b) kneeling gaits. Error bars represent 1 standard

error. Asterisks indicate significant differences between the two groups (p < 0.05).

ton assistance. This finding suggests that the exoskeleton’s
benefits extend beyond a quiet stance and effectively support
task execution in kneeling postures as well. However, it is
worth noting that the overall accuracy and completion rate
values for kneeling are slightly lower than those for quiet
stance across all TOIs. This difference may be attributed to
the inherent challenges associated with maintaining balance

S5 demonstrated notable variations in average heart rate upon
the integration of the exoskeleton into the task during stance
gait. Similar trends are observed during kneeling gaits, where
most subjects experienced a reduction in heart rates with
exoskeleton assistance while performing welding tasks.

Quiet Stance Quiet Kneeling

and performing tasks in kneeling posture. N il 1o T
= 100

Fig. 14 shows the heart rate data collected during the ;;70 = 9% | | |
welding tasks for both gaits. During quiet stance, the heart ﬁ %0 . l
rate increase from LE to HE suggests a progressive ele- ;‘,‘:‘360 o ‘
vation in stress levels, with the highest median heart rate TOIS TOI6 TOI7 TOI8 TOIS TOl6 TOI7 TOI8
recorded during the HE tasks, regardless of exoskeleton () (b)
usage. This incremental pattern reflects the physiological Fig. 14. Heart rate comparison for the virtual welding task across four

demands imposed by elevation changes and the complexity
of tasks performed under such conditions. Statistical anal-
ysis using ANOVA revealed that the differences in heart
rates between the conditions were not statistically significant
(p > 0.05), indicating that while heart rates increased

from LE to HE, the variability among subjects may have Quiet Stance/Kneeling

masked any significant group-level effects. Nevertheless, the Subject TOIS TOI6 o TOI8
trends observed,. partlcular.ly the .reductlon in hear.t rate with S1/S8 | 79.4/1004 | 79.5/87.0 | 79.7/98.5 | 83.4/97.3
exoskeleton assistance, align with our hypothesis that the $2/59 | 66.0/103.3 | 65.7/96.6 | 73.0/97.5 | 74.4/92.7
exoskeleton alleviates physical stress during tasks at both S3/S10 | 82.4/76.8 | 81.1/84.1 | 73.6/81.4 | 72.6/83.8
LE and HE. During kneeling gaits, although the application S4/S11 | 79.6/74.9 | 83.8/74.5 | 80.3/71.7 | 78.2/71.4
of the exoskeleton reduced human effort and lowered the S5 63.8/— 69.6/— 72.4/— 72.8/—
heart rate, the heart rate was generally higher compared to S6 73.0/95.8 | 72.5/109.2 | 72.8/87.0 | 69.1/95.4
a quiet stance. The observed trend of lower heart rates with S7 76.3/96.3 79_3/102_0 77.0/95.2 81.1/101.0

exoskeleton usage suggests potential physiological benefits
in reducing stress, even if the differences did not reach
statistical significance. Table IV lists the average heart rates
from some subjects for TOI 5 to 8. The data reveal minimal
fluctuations in heart rate among most subjects across different
TOIs, suggesting that the welding task may serve as a focal
stimulus, concentrating the participants’ attention and thereby
stabilizing physiological responses [23]. Subjects S2, S3, and

TOIs during (a) quiet stance and (b) kneeling gaits.

TABLE IV
MEAN HEART RATE DATA (IN BPM)

Table V summarizes the results from the subjects’ ques-
tionnaire feedback. The data indicates a wide range of sus-
ceptibility to fear and acrophobia across all subjects for both
stance and kneeling gaits. In stance experiments, subjects
S2 and S7 showed the highest levels of susceptibility to
fear and acrophobia, whereas S1 displayed the lowest. For
kneeling tests, S11 exhibited the highest susceptibility to fear

Authorized licensed use limited to: Rutgers University Libraries. Downloaded on August 05,2025 at 21:02:51 UTC from IEEE Xplore. Restrictions apply.
© 2025 IEEE. Al rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Automation Science and Engineering. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TASE.2025.3538532

12

TABLE V
SUBJECT QUESTIONNAIRE RESULTS
Subject ID S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11
JGF Quest. | Suscept. fear 63 123 93 98 65 112 125 85 61 89 132
CA Quest. Fear Heights 22 56 40 40 27 53 54 33 48 45 60
Avoid. HE 22 36 26 28 23 36 34 27 49 36 37
Cog. Load Stressful HE+Exo | HE+Exo HE HE HE HE/HE+Exo HE HE HE HE HE
Relaxed LE LE+Exo | LE+Exo LE LE LE/LE+Exo | LE+Exo | LE+Exo | LE+Exo | LE+Exo LE
Task Perf. Most Focus HE HE+Exo | HE+Exo | LE+Exo | HE+Exo | LE/HE+Exo | HE+Exo | LE+Exo | LE+Exo | LE+Exo | LE+Exo
Least Focus | LE+Exo LE HE HE HE LE+Exo/LE LE HE HE HE HE
" . 2.5
and S9 had the lowest. Cognitive loading was reported to -+ Experimental Curve
be higher during tasks at HE for most subjects than that : — Simulation Curve
at LE in both stance and kneeling experiments. However, - 27 - oM 1
subjects S1 and S2 in stance and S6 in kneeling experiments = \ Exponential fit
reported high cognitive load with the exoskeletons at HE. El,s H “ . .
When considering task performance, subjects generally fo- B VR
cused best on the addition of the exoskeletons, while their g 1 ‘\ ;
focus was compromised without the exoskeletons. This trend 5 Se ol
was observed in both gaits experiments, suggesting that the e e i Rl
exoskeleton might offer a psychological benefit in high-stress 0.57 |
situations, regardless of the working posture.
All subjects reported feeling tense during HE scenarios and 00 2 ‘ ‘ g

calm during low elevation scenarios, with varied responses
to the presence of the exoskeleton. However, it should be
noted that the subjects’ perception of focus and relaxation
did not always equate to good postural balance and balancing
choices. Stressful situations, such as focusing on welding, can
lead to instinctive balance strategies being chosen, resulting
in better balance. Perturbations under stressful situations can
cause posture to rapidly become unstable. In the stance
experiments, subjects S1 and S2 expressed an increase in
stability and balance when utilizing the exoskeletons. In
contrast, S7 experienced a restriction in mobility due to
the exoskeletons. Meanwhile, S5 noticed a marginal benefit,
and S6 found that the exoskeletons helped maintain position
during the task. The responses to height exposure were
equally varied. Most subjects consistently described the HE
environment as highly realistic and fear-inducing. Interest-
ingly, all participants in the kneeling experiments reported
enhanced stability and reduced effort in maintaining balance
when using the exoskeletons.

The best-fit parameters were derived by varying the param-
eter sets to obtain frequency behavior matching the observed
experiments during quiet stance across various TOIs. Fig. 15
shows an example of exponential fitting the stance and
kneeling IP curves. Table VI lists the best-fit parameter sets
that quantify the favored balance strategy corresponding to
each TOI. The parameter values were obtained by minimizing
the sum of the angle ¢(t) errors from all subject experiments.

Examining the variations in « values reveals a characteris-
tic for minimal control effort. A high o magnitude signifies
a minimal control effort and is generally chosen by humans
during stance and this tendency however differs across TOIs.
For the balancing experiments, all cases had a high magnitude
of «, with TOI 2 utilizing the lowest control effort. The same

4
Frequency (Hz)

Fig. 15. Comparison among the experiment, simulated, and exponentially
fitted IP curves for both gaits.

results were observed from the task performance scenarios
TOIs 5, 6, and 8, while TOI 7 had a low magnitude of
o = 10. The low value of o implies that a non-minimal effort
control strategy was unexpectedly chosen to balance. This
anomaly potentially suggests that the subjects could have
altered their balance strategies to adapt to the exoskeleton in
the presence of non-threatening visuals, rather than passively
rely on the extra support it provides. For the rest of the
welding cases, « value (i.e., 1019y is high, which implies
that the welder’s main focus on precision during the welding
task caused them to use a minimal effort balance strategy.

TABLE VI
BEST-FIT LQR CONTROLLER PARAMETERS FOR QUIET STANCE TOI
TOIL Case @ B1 | B2 B3 o1 | o2 | 03
1 LE 105 [02]01] 0.3 1 1 1
2 HE 1019 | 03] 0.1 333 1 1 1
3 LE+Exo0 106 [02]01] 03 [07]03] 1
4 HE+Exo 106 {02 ]01] 03 [07]03] 1
5 LE Weld 1010 [ 02 [ 01 ] 0.3 1 1 1
6 HE Weld 1019 | 0.2 | 0.1 | 0.3 1 ]071]03
7 | LE+ExoWeld | 10 | 0.3 ] 0.1 | 333 | 1 1 1
8 HE+Exo Weld | 101 | 0.2 | 0.1 | 0.3 1 1 1

The LQR parameter 3 provides insights into joint-specific
balance strategies and reveals how control efforts are dis-
tributed across different joints. Large (; value (i = 1,2,3)
implies a minimal control effort to the corresponding joint.
Across all TOIs, it was found that S, < (37 < B3, which
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suggests employing hip strategy is penalized compared to
employing ankle-knee strategies. TOIs 2 and 7 have higher
(s values, with subjects favoring the ankle-knee strategy
heavily over the hip strategy to balance. The preference for
the ankle-knee strategy in TOI 2 can be the consequence
of the destabilizing visuals, with the subjects attempting
to keep their head, the visual source of the body, stable
and upright. For possible similar reasons, TOI 6 shows
relatively higher noise values at the ankle (o7) and knee
joints (o2) than at the hip joint (o3). For TOI 7, the high-
effort control strategy suggests that the ankle-knee strategy
chosen, while intentional, required much effort to maintain
balance. The neuromechanical noise at the knee joint is lower
with the presence of the exoskeleton for the stance case
(TOIs 3 and 4). On introducing the VR task scenario, the
neuromechanical noise experienced is similar at all joints
with the exoskeleton. A similar balance strategy is used for
both TOI 3 and 4, thus exhibiting reduced the influence of
visual stimuli on balance with the exoskeleton in the absence
of task performance.

VI. DISCUSSION

The balance strategies discerned from IP curve analyses
suggest active neuromuscular engagement at lower frequen-
cies and a transition to passive control strategies at higher
frequencies, modulated by the used knee exoskeleton. The
decrease in mean CF with exoskeleton application implies
an adaptive response in the human balance control system,
possibly reflecting augmented stability. The consistency in
the mean HFA slope across TOIs with exoskeleton interven-
tion indicates uniform neuromechanical impedance on the
joints, with the high slope interpreted as an increment in
neuromechanical noise and a strategic shift in balance at
high frequencies. The altered strategy can be a consequence
of the individuals’ effort to recalibrate their balance strategy
to accommodate the exoskeleton during task execution (e.g.,
TOI 7), as opposed to being passively supported in a static
posture (TOI 8). The results from Tables II align with the
notion in [27] that while exoskeletons can enhance postural
control, their impact on the neuromechanical behavior of
the body is predictable and can be characterized by specific
frequency-domain features of the IP curve. These insights
are pivotal for optimizing the design of exoskeletons to
harmonize with the body’s natural balance strategies. By
observing the parameter «, it is also found that kneeling
balance control requires much higher effort than during
stance to maintain postural stability.

As shown in Fig. 7, the introduction of the welding task
increased the presence of low-frequency spikes in the rest
of the subjects’ IP curves. Low-frequency spikes reflect
proactive intentional efforts to change the balance strategy
rather than reactionary attempts to stabilize stance in re-
sponse to environmental perturbations. While low-frequency
spikes were reduced with exoskeleton assistance for S5, they
increased for S6 for both balance and task performance
TOIs. The colorbluesubject-specific insights drawn from the
IP analysis are valuable in identifying subjects who may be
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susceptible to destabilization due to specific task scenarios,
thereby informing necessary measures to mitigate the risk of
injury.

Task performance assessments reveal the exoskeleton’s
potential to alleviate the cognitive and physical loads on
the subject in the presence of visual disturbances in con-
struction. The comparative analysis between quiet stance and
kneeling emphasizes the need for targeted interventions and
training programs addressing specific challenges associated
with different working postures. The increase in heart rate
during kneeling can be attributed to greater muscle activation,
reduced venous return, and psychological stress [37], [38].
The combination of physiological metrics permits a distinc-
tion between physical and cognitive stressors, highlighting
the complexity of the exoskeleton’s effectiveness in high-
stress tasks. The consistency in precision values suggests that
the exoskeleton primarily aid in postural stability and task
completion rather than fine motor control.

The IP method provides a comprehensive assessment of
the worker’s postural control mechanisms. This approach is
particularly valuable in the context of construction work,
where workers are exposed to a wide range of environmental
conditions, such as elevated worksite and unstable floor
surfaces. By analyzing the frequency characteristics of the
IP heights, researchers and safety professionals can gain
insights into how workers adapt their balance strategies in
response to different work scenarios. The knee joint strategies
play a crucial and non-trivial role in maintaining balance,
highlighting the importance of considering knee joint control
when designing balance-assistive devices or developing bal-
ance training programs for construction workers. In contrast
to the previous work in [6], the current study employs a
more comprehensive approach to capture the complexity of
balance control in real-world construction scenarios. The
research work in [6] employed the PSD analysis to examine
postural balance. This metric, as demonstrated in this study,
can provide valuable insights into the dominant frequencies
of sway. However, PSD analysis alone cannot provide a com-
prehensive understanding of the underlying neuromechanical
strategies employed by individuals to maintain balance (see
Fig. 9), as it does not capture the spatial organization,
coordination, or phase relationships between different body
segments.

Using the IP, multi-link inverted pendulum models, and
the LQR controller, the current work analyzed the model’s
response to various conditions and provided the interpretation
in terms of physiological and biomechanical implications.
The LQR controller aligns with the hypothesis of optimal
control in human neural balance systems [25], [26], [39]
and provides a framework to interpret the physiological
mechanisms underlying postural control. These mechanisms,
governed by intricate neural feedback loops and coordinated
muscle activation patterns across the ankle, knee, and hip
joints, are reflected in the LQR parameters. For example,
small 3; values during stance indicated the ankle’s dominant
role in balance, suggesting heightened activation of ankle
muscles and associated proprioceptive feedback systems.
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Conversely, large « values signified minimal neural and
muscular activation, implying reliance on passive biome-
chanical properties for stability. The increase in || under
conditions such as elevated heights or visual perturbations
revealed heightened neural and muscular engagement. This
physiological response manifested as increased muscle co-
contraction and enhanced sensory integration to maintain
balance. Notably, the exoskeleton’s influence on these phys-
iological responses was evident in the reduced |w“F| and
higher « values, indicating a shift towards passive control
strategies. This shift suggests decreased muscle activation,
particularly at the knee joint. Physiologically, this translates
to reduced muscular fatigue and improved postural stability
over prolonged use.

The real-world application of the findings in this study
is twofold. First, the results in this work demonstrate that
exoskeletons enhance balance and reduce postural sway, par-
ticularly in environments such as high elevations or unstable
floor surfaces. This suggests that exoskeletons play a signifi-
cant role in reducing fall risks and improving worker safety.
Moreover, enhanced postural stability in skilled tasks such
as welding implies that exoskeletons can also contribute to
reduced work errors and lead to improved productivity. Addi-
tionally, the research outcomes provide exoskeleton designers
insights into joint-level balance strategies. This helps develop
personalized control algorithms that respond to a worker’s
changing balance strategy and tailor the device design to
individual users. The method can also be integrated into
VR/MR-based training programs, allowing workers to safely
practice and improve their balance strategies in a controlled
environment before facing real-world challenges. Further-
more, construction companies could adopt the methods for
risk assessment, identifying potential fall risks associated
with specific tasks or environments. Finally, the analysis
presented in this work can serve as a tool for performance
monitoring and allow timely interventions to enhance worker
safety.

Despite the reported benefits in terms of stability and
balance, some subjects expressed that wearing the knee
exoskeleton was less comfortable during kneeling compared
to the stance posture. This disparity in comfort levels may
be attributed to the unique biomechanical demands and joint
configurations associated with kneeling. These observations
underscore the importance of considering posture-specific
design factors and adaptability when developing wearable
exoskeletons for construction workers. There are some other
limitations to consider for future research directions. First,
this study only recruited young, healthy students rather
than experienced construction workers, it’s important to
acknowledge that experienced workers may have developed
specific strategies or physical adaptations that could influence
their interaction with exoskeletons. Expanding the subject
pool to include experienced construction workers of varying
ages will also be important to comprehensively assess the
exoskeleton’s effects on balance and performance. Second,
incorporating direct physiological measurements, such as
electromyography (EMG), could provide deeper insights into
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muscle activation and neuromuscular responses. This would
allow for a detailed analysis of how exoskeletons reduce
physical workload on key joints. Finally, investigating fa-
tigue effects and developing adaptive control systems that
respond to real-time balance shifts would further enhance
the long-term safety, safety, and efficacy of exoskeletons in
construction environments.

VII. CONCLUSIONS

This study provided insights into the influence of lower-
limb joints on neural balance control in quiet stance and
kneeling gaits in construction. The use of triple- and double-
link inverted pendulum models, coupled with the intersection
point height frequency analysis and the linear quadratic
controller, allowed for a comprehensive evaluation of the
balance strategies of the subject at the joint level. The inte-
gration of VR/MR tools to simulate elevated environments
and welding tasks enabled the assessment of the impact
of elevation and wearable knee exoskeletons on postural
balance and skilled task performance. The multi-subject
experiment results highlight the critical role of knee joint
strategies in maintaining postural stability and the potential
of wearable exoskeletons in enhancing worker safety and
performance in hazardous construction environments. The
evaluation pipeline developed in this study can be further ap-
plied to assessing the potential of wearable assistive devices
across diverse occupational work settings.
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