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Abstract

Background & Objective. Lower-limb exoskeletons have emerged as promising devices both for
supporting individuals with mobility impairments and for augmenting the physical capabilities
of able-bodied users. To date, most evaluations of lower-limb exoskeletons have focused on
physical performance, while the cognitive dimension, referred to as cognitive fit, remains un-
derexplored. However, exoskeletons can modify biomechanics through restricted range of mo-
tion or added mass, thereby increasing motor control demands. Preserving cognitive capacities
is essential for ensuring functional and safe interaction with exoskeletons, particularly in multi-
task environments. To address this, the present thesis examines the cognitive fit of exoskeletons
by investigating their impact on cognitive and motor performance during dual-task walking, in

order to assess the degree of cognitive-motor interference.

Method. Two studies were conducted as part of this thesis. In Study 1, participants walked on a
treadmill both with and without weight cuffs attached to the upper and lower legs, increasing
motor demand by modifying body mass and inertia distribution. During these walking condi-
tions, participants performed either a serial subtraction task, a visual-verbal Stroop test or no
cognitive secondary task. Study 2 extended this investigation to an outdoor setting, where par-
ticipants walked overground with and without a powered lower-limb exoskeleton while per-
forming a serial subtraction task or no cognitive secondary task. Both studies evaluated motor
performance through gait parameters, as well as cognitive performance through secondary task

outcomes and perceived physical and cognitive workload.

Results & Discussion. The results of both studies show that exoskeletons that are insufficiently
adapted to the user impose additional physical and cognitive demands and often lead to a pos-
ture-first strategy, in which the motor task is prioritized over the cognitive secondary tasks.
Study 1 revealed that the type of the secondary task is critical, with cognitive-motor interference
being more pronounced during a mental tracking task than during a Stroop test that primarily
relies on processing external stimuli. Study 2 showed that short-term adaptation to the powered
exoskeleton decreased perceived workload and improved cognitve performance. However, cog-
nitive performance remained below that observed during unassisted walking. Together, the
findings indicate that poorly adapted exoskeletons may compromise both cognitive and motor

performance, whereas short-term adaptation can mitigate, but not fully eliminate, interference.



Implication & Outlook. This thesis contributes to exoskeleton research by introducing a human-
centered conceptual framework that explicitly integrates the cognitive dimension into human-
exoskeleton interaction. Furthermore, it demonstrates the potential of the performance oper-
ating characteristics framework as a practical tool for benchmarking exoskeletons, guiding train-
ing and fitting exoskeletons to individual needs. Future research should examine lower-limb ex-
oskeletons with adaptive control strategies tailored to specific user groups and incorporate
extended training protocols. Advancing knowledge of how different control and design ap-
proaches influence motor and cognitive performance during the interaction will be essential for

ensuring the safe and effective deployment of exoskeletons in real-world contexts.
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Kurzfassung

Hintergrund & Zielsetzung. Exoskelette fiir die unteren Extremitaten stellen vielversprechende
Technologien dar, die sowohl Menschen mit Mobilitatseinschrankungen unterstiitzen als auch
die korperliche Leistungsfahigkeit gesunder Nutzerinnen und Nutzer steigern kdnnen. Bisher ha-
ben sich die meisten Evaluierungen von Exoskeletten fiir die unteren Extremitaten auf die phy-
sische Leistungsfahigkeit fokussiert, wahrend die kognitive Dimension, hier bezeichnet als kog-
nitive Passung (cognitive fit), weitgehend unerforscht bleibt. Exoskelette kénnen jedoch durch
eingeschrankten Bewegungsumfang oder zusatzliches Gewicht die Biomechanik verandern und
damit die Anforderungen an die motorische Kontrolle erhéhen. Der Erhalt kognitiver Kapazita-
ten ist entscheidend, um eine funktionale und sichere Interaktion mit Exoskeletten zu gewahr-
leisten, insbesondere wenn diese in komplexen Multitasking-Umgebungen eingesetzt werden.
Vor diesem Hintergrund untersucht die vorliegende Arbeit die kognitive Passung von Exoskelet-
ten, indem deren Einfluss auf kognitive und motorische Leistungsfahigkeit beim Gehen unter
Dual-Task-Bedingungen analysiert wird, um das Ausmal der kognitiv-motorischen Interferenz

Zu bestimmen.

Methodik. Im Rahmen dieser Arbeit wurden zwei Studien durchgefiihrt. In Studie 1 gingen die
Teilnehmenden auf einem Laufband, teils mit, teils ohne Gewichtsmanschetten an Ober- und
Unterschenkeln. Die so verdanderte Masse- und Tragheitsverteilung flihrte zu erhéhten motori-
schen Anforderungen. Wahrenddessen flihrten die Teilnehmenden entweder eine serielle Sub-
traktionsaufgabe, einen visuell-verbalen Stroop-Test oder keine kognitive Zusatzaufgabe durch.
Studie 2 erweiterte die Untersuchung in ein Outdoor-Setting, in dem die Teilnehmenden mit und
ohne ein aktives Exoskelett fiir die unteren Extremitdten Gber eine ebene Oberflache gingen,
wahrend sie entweder eine serielle Subtraktionsaufgabe oder keine kognitive Zusatzaufgabe be-
arbeiteten. In beiden Studien wurde die motorische Leistung anhand von Gangparametern, die
kognitive Leistung anhand der Ergebnisse der Zusatzaufgaben sowie die wahrgenommene phy-

sische und kognitive Beanspruchung erfasst.

Ergebnisse & Diskussion. Die Ergebnisse beider Studien zeigen, dass unzureichend an die Nut-
zerinnen und Nutzern angepasste Exoskelette zusatzliche physische und kognitive Anforderun-
gen erzeugen und haufig zu einer Posture-First-Strategie fiihren, bei der die motorische Aufgabe

gegeniber der Bearbeitung kognitiver Aufgaben priorisiert wird. Studie 1 verdeutlichte, dass die
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Art der Zusatzaufgabe entscheidend ist. Die kognitiv-motorische Interferenz war bei einer men-
talen Tracking-Aufgabe starker ausgepragt als bei einer Stroop-Aufgabe, die primar auf der Ver-
arbeitung externer Reize beruht. Studie 2 zeigte, dass eine kurzfristige Adaptation an das aktive
Exoskelett die wahrgenommene Beanspruchung verringerte und die kognitive Leistung verbes-
serte. Dennoch blieb die kognitive Leistung unter dem Niveau des Gehens ohne Exoskelett. Ins-
gesamt weisen die Ergebnisse darauf hin, dass unzureichend adaptierte Exoskelette sowohl die
kognitive als auch die motorische Leistungsfahigkeit beeintrachtigen kénnen, wahrend eine
kurzfristige Adaptation diese Interferenzen zwar reduzieren, jedoch nicht vollstandig aufheben

kann.

Implikation & Ausblick. Diese Arbeit leistet einen Beitrag zur Exoskelettforschung, indem sie ein
nutzerzentriertes Framework etabliert, welches die kognitive Dimension explizit in die Mensch-
Exoskelett Interaktion integriert. Darliber hinaus untersucht die Arbeit das Performance Opera-
ting Characteristics-Framework als Werkzeug fiir die Praxis, insbesondere fiir die Bewertung von
Exoskeletten, die Gestaltung von Trainingsprogrammen und die individuelle Anpassung von
Exoskeletten an die Nutzerinnen und Nutzer. Zukinftige Forschung sollte Exoskelette fur die
unteren Extremitaten mit adaptiven Steuerungsstrategien untersuchen, die spezifisch auf un-
terschiedliche Nutzergruppen zugeschnitten sind, und ausfiihrlichere Trainingsprotokolle be-
ricksichtigen. Ein vertieftes Verstandnis davon, wie verschiedene Steuerungs- und Designan-
sitze die motorische und kognitive Leistungsfahigkeit in der Interaktion beeinflussen, ist
entscheidend fir die sichere und effektive Implementierung von Exoskeletten im realen Einsatz-

kontext.
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1 Introduction

In recent years, the field of wearable robotics or exoskeletons designed to enhance human mo-
bility has witnessed significant advancements. Lower limb exoskeletons have emerged as a po-
tential solution for individuals with mobility impairments, as well as for enhancing the physical
capabilities of able-bodied users. These devices, which are worn externally on the legs, aim to
assist, augment or restore movement through a combination of mechanical support and sophis-
ticated control systems. Lower-limb exoskeletons not only offer potential rehabilitative benefits
but also hold promise for applications in various sectors, including healthcare, military, industrial

environments and everyday life (Kalita et al., 2021; Kapsalyamov et al., 2019).

Several technical challenges, such as those related to actuation, materials and power supply,
along with the complex requirements of adaptive control, currently limit the deployment of ex-
oskeletons beyond laboratory and clinical settings (Baud et al., 2021; Kalita et al., 2021; Sawicki
et al., 2020). Furthermore, Davis et al. (2020) highlight a lack of studies that adopt a human-
centered approach, noting that most research remains heavily focused on technical advance-
ments. However, user acceptance, along with the physical and cognitive (i.e., dual-task) de-
mands and biomechanical effects, are key factors in human-exoskeleton interaction research. A
recent review on performance evaluation of lower-limb exoskeletons found a strong focus on
biomechanical and physiological parameters, while the cognitive aspects have been largely over-
looked (Pinto-Fernandez et al., 2020). Initial research at the Massachusetts Institute of Technol-
ogy introduced the concept of cognitive fit in addition to physical fit to human-exoskeleton in-
teraction (Stirling et al., 2019). The authors describe cognitive fit as “supporting the perception-
cognition-action decision process of the human when wearing the exosystem.” (Stirling et al.,
2020, p. 431). This concept emphasizes the necessity of designing exoskeletons that align with
the user’s cognitive capabilities to preserve their ability to perform operational tasks in daily life
and work environments effectively. Maintaining users’ cognitive abilities is essential for ensuring

functional and safe interaction with exoskeletons, particularly in complex, multi-task scenarios.

People often routinely perform multiple tasks simultaneously in daily life, which can lead to per-
formance decline when cognitive resources are insufficient. In scenarios where a motor task is

performed alongside a cognitively demanding task, this decline is referred to as cognitive-motor
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interference (Al-Yahya et al., 2011). For instance, studies have demonstrated that both older and
younger healthy adults slow down walking speed when engaged in a secondary task (Yogev-
Seligmann et al., 2010). Additionally, in complex environments or during challenging motor
tasks, individuals tend to allocate greater cognitive resources to perform the motor task to en-
sure a stable walking pattern, resulting in performance reductions in the secondary task (Yogev-
Seligmann et al., 2012). Similiarly, exoskeleton use can increase motor control demands required
to maintain a stable gait, which can significantly increase cognitive workload (Bequette et al.,
2018, 2020) and affect the allocation of cognitive resources between tasks. Due to modified
biomechanics, such as restricted range of motion and changes in body mass and inertia caused
by the exoskeleton’s rigid structures and actuators, users may need to exert greater attentional
effort to adjust their muscle activation patterns (Andrade et al., 2024; Jin et al., 2017). While
research has examined the cognitive demands of both lower-limb and upper-limb exoskeletons
(Marchand et al., 2021), there is a lack of studies evaluating simultaneous cognitive and motor

performance during dual-task walking with lower-limb exoskeletons.

This thesis aims to evaluate cognitive fit by examining cognitive-motor interference (CMI) during
human-exoskeleton interaction. Using a multimodal experimental approach, both cognitive and
motor performance, along with perceived physical and cognitive workload, are assessed in dual-
task walking scenarios. The approach combines a walking task with cognitively demanding sec-
ondary tasks. Since different types of the secondary tasks interfere differently with walking (Al-
Yahya et al., 2011) and an adaptation to exoskeleton-assisted walking improves interaction effi-
ciency (Poggensee & Collins, 2021), this thesis’ methodology takes both the type of secondary
task and the short-term adaptation phase into account. It provides insights into how exoskeleton
use affects cognitive processes, motor control and the allocation of cognitive resources between

these domains. The methodological framework of this thesis is illustrated in Figure 1.
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Figure 1. Methodological framework to assess cognitive-motor interference in human-exoskeleton interaction.

To investigate cognitive-motor interference in human-exoskeleton interaction, two studies were
conducted as part of this thesis. In Study 1, participants walked on a treadmill both with and
without weight cuffs attached to the upper and lower legs, increasing motor demand by altering
body mass and inertia distribution. During these walking conditions, participants performed ei-
ther a serial subtraction task, a visual-verbal Stroop test or no secondary task. Study 2 extended
this investigation to an outdoor setting, where participants walked overground with and without
a powered lower-limb exoskeleton while performing a serial subtraction task or no secondary

task.

Chapter 2 provides the theoretical background and current research on lower-limb exoskele-
tons, human-exoskeleton interaction and cognitive-motor interference. Based on this founda-
tion, Chapter 3 outlines the research questions and presents the conceptual framework of the
thesis. Chapters 4 and 5 present the publications related to Study 1 and Study 2 as full citations.
Chapter 6 offers a general discussion of the findings, highlighting key findings and their theoret-

ical and practical implications for human-centered exoskeleton design and training.
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Chapter 2 outlines the theoretical background of this thesis. Section 2.1 introduces lower-limb
exoskeletons, focusing on their purpose and applications in mobility support and augmentation.
Section 2.2 adresses human-exoskeleton interaction, its evaluation and the role of cognitive fit
of exoskeletons alongside physical fit. Section 2.3 focuses on cognitive-motor interference as a
means to assess cognitive fit, addressing the effects of simultaneous cognitive and motor de-
mands on user performance. The section concludes by presenting the performance operating
characteristics (POC) framework as a tool for visualizing these performance dynamics. Together,

these sections provide the conceptual basis for the experiments presented in this thesis.

2.1 Lower-limb exoskeletons

Lower-limb exoskeletons are wearable robotic systems designed to restore, assist or augment
the biomechanical functions of the user’s legs. In addition to the distinction between passive
and active lower-limb exoskeletons, the literature further classifies these devices according to
criteria such as actuation method, control strategy, power source, mechanical design, sensor
technology and field of application (Baud et al., 2021; Dollar & Herr, 2008; Kalita et al., 2021;
Kapsalyamov et al., 2019). Baud et al. (2021) classified lower-limb exoskeletons to fully mobiliz-
ing and partially assisting exoskeletons. Exoskeletons for full mobilization such as the ReWalk
(Esquenazi et al., 2012), eLEGs (Strausser & Kazerooni, 2011) and TWIN (Laffranchi et al., 2021)
(see Figure 2) are commonly used in rehabilitation, particularly for individuals who are unable
to initiate or control their own movements. These systems often employ relatively simple con-
trol strategies to guide the user’s limbs through fixed trajectories using position control. This
strategy is straightforward to implement, as it relies on pre-defined motion patterns rather than
real-time adaptations. Exoskeletons designed for partial assistance such as the BLEEX (Kazerooni
& Steger, 2006) and the HAL (Sankai, 2011) address a broader range of use cases and end users,
including supporting individuals with residual mobility or augmenting physical performance in
healthy individuals. These devices require more adaptive control strategies to interact effec-
tively with the user and respond to complex, real-world environments. Adaptive strategies inte-

grate information about the user’s state and intent, environmental factors and the system’s own
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state to adjust its assistance (Tucker et al., 2015). However, implementing these advanced con-
trol strategies is challenging due to the complex nature of the interaction (Baud et al., 2021).
Understanding the interaction between the user and the exoskeleton is crucial for developing

effective and safe control strategies and refining exoskeleton design.

Figure 2. Example of a lower-limb exoskeleton: TWIN exoskeleton. Right image adapted from Semprini et al.
(2022).

2.2 Human-exoskeleton interaction

Human-exoskeleton interaction describes the physical and cognitive interplay between the ex-
oskeleton, the user and the environment. Adapted from Tucker et al. (2015), Figure 3 shows a
human-exoskeleton interaction framework for a partially assisting exoskeleton with an adaptive
control. This framework integrates four subsystems: the user, the exoskeleton, the environment
and the control unit. These subsystems communicate through either physical interactions (thick

arrows) or signal-level exchanges (thin arrows).

The user interacts directly with the mechanical structure of the exoskeleton. This interaction is
bidirectional: the user's movements and biomechanical signals (e.g., joint angles, muscle activ-

ity) influence the exoskeleton's behavior, while the exoskeleton provides support in the form of
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physical assistance. The user’s state and intent in form of sensor data is transmitted to the con-
trol unit for processing and real-time adaptation of the exoskeleton’s behavior. The exoskeleton
subsystem comprises the mechanical and actuation components that provide physical assis-
tance to the user. It executes control commands received from the control unit and provides
feedback on its current state (e.g., joint positions, motor torques or force exerted). This feed-
back mechanism ensures control and allows the system to adapt dynamically to changes in user
behavior or environmental conditions. The control unit acts as the central component, synthe-

sizing data from the user, exoskeleton and environment to generate control commands.
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Figure 3. Human-exoskeleton interaction framework for powered exoskeletons with an adaptive control unit.
Adapted from Tucker et al. (2015).

2.2.1 Evaluation of human-exoskeleton interaction

The evaluation of human-exoskeleton interaction is critical for demonstrating the effectiveness
of exoskeletons and guiding their design and control. Pinto-Fernandez et al. (2020) reviewed the
existing literature on the performance evaluation of lower-limb exoskeletons. They categorized
studies based on the motor skills assessed and the performance indicators employed. The motor
skills predominantly evaluated include walking tasks such as overground walking, treadmill walk-

ing and navigating irregular terrain, along with other functional activities such as standing and

23



2 Theoretical Background

sit-to-stand transitions. Performance indicators were systematically classified into three catego-
ries: goal-level (e.g., maximum speed or minimum time, distance achievable by the device, sta-
bility, endurance, versatilty and dependability), kinematics and kinetics (e.g., spatiotemporal pa-
rameters, joint or limb kinematics and kinetics, symmetry, coordination and human likeness)
and human-robot interaction (e.g., metabolic cost, ergonomics, comfort, muscle effort, interac-
tion forces, cognitive effort and safety). The results highlight that most studies prioritize the
evaluation of physiological and biomechanical parameters during straight walking tasks. Sawicki
et al. (2020) also report that when the primary objective of an exoskeleton is to reduce physical

effort, the metabolic cost serves as a gold-standard metric.

Several limitations in current evaluation methods have been identified. Pinto-Fernandez et al.
(2020) and Sawicki et al. (2020) highlight the need to move beyond controlled lab settings and
assess exoskeleton performance in realistic environments. Evaluating performance across dif-
ferent motor tasks is essential to ensure the practical applicability of these devices. At the same
time it is important to develop standards and benchmarks to inhance comparability of results
between exoskeletons (Torricelli et al., 2020). Furthermore, the cognitive aspects of human-ex-
oskeleton interaction, particularly the cognitive workload associated with their operation, re-
main insufficiently investigated (Pinto-Fernandez et al., 2020). To address this, Stirling et al.
(2020; 2019) emphasize the need to include the paradigm of cognitive fit in addition to physical

fit in the design and evaluation of exoskeletons.

2.2.2 Cognitive fit in human-exoskeleton interaction

Cognitive fit refers to the alignment between the exoskeleton's design and the user's cognitive
processes required for goal-oriented tasks and seamless interaction. Various human factor con-
cepts help to understand and evaluate cognitive fit in human-exoskeleton interaction, including
mental models, attention, workload and situation awareness (Stirling et al., 2019). In the context
of human-exoskeleton interaction, mental models are internal representations that individuals
develop to understand and predict how the device operates. Effective cognitive fit supports the
development of accurate mental models, enabling users to anticipate system behavior and make
informed decisions. Attention refers to the process of directing awareness toward a specific el-
ement in the environment and can be defined as the information processing capacity of an indi-

vidual (Woollacott & Shumway-Cook, 2002). Understanding how attention is allocated and the
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factors that influence shifts in focus during exoskeleton operation is crucial to evaluate human-
exoskeleton interaction. Cognitive workload is defined as the total amount of cognitive re-
sources required to perform tasks, including operating the exoskeleton. Situation awareness in-
volves understanding the environment, recognizing changes and predicting future states. Effec-
tive cognitive fit ensures that the user can maintain high situation awareness, particularly in

complex scenarios.

Cognitive fit develops dynamically as the user adapts to the exoskeleton. Rasmussen’s (1983)
behavioral levels provide a useful framework for understanding this process. In the knowledge-
based behavior stage, the user relies on conscious reasoning to interact with the exoskeleton.
Errors may be more frequent as the user develops a mental model of the system and learns to
coordinate movements. With practice, they transition to rule-based behavior, relying on estab-
lished rules and procedures. This reduces cognitive demand, as tasks become more familiar and
efficient. Finally, in the skill-based behavior stage, interactions with the exoskeleton become

automatic, requiring minimal conscious attention.

Assessing workload and attentional processes provides an effective way to measure the cogni-
tive fit of exoskeleton designs and evaluates changes over time. Accordingly, this thesis focuses
on evaluating cognitive-motor interference as a means to infer cognitive workload and atten-

tional processes in dual-task scenarios.

2.3 Cognitive-motor interference

Cognitive-motor interference (CMI) refers to the interaction and potential conflict that arises
when cognitive and motor tasks are performed simultaneously. This thesis focuses on walking
as the motor task under investigation. Walking is characterized by a cyclical and reciprocal pat-
tern of limb movement that is consistent among healthy individuals. It relies on the continuous
integration of sensory information from visual, proprioceptive, and vestibular systems
(Beurskens & Bock, 2012). However, in healthy individuals, gait control is predominantly auto-
matic, reflecting the nervous system’s capacity to maintain steady-state locomotion with mini-

mal use of attentional resources (Clark, 2015).

The complexity of human locomotion becomes apparent in cases of pathological gait or when

individuals must adapt to novel contexts, such as navigating uneven terrain, performing dual

25



2 Theoretical Background

tasks or utilizing assistive technologies like orthoses and lower-limb exoskeletons. Dual-task re-
search has demonstrated that walking and cognitive processes are interdependent (Al-Yahya et
al., 2011; Bayot et al., 2018; Woollacott & Shumway-Cook, 2002) and walking closely relates to
executive functions and divided attention (Springer et al., 2006; Yogev-Seligmann et al., 2008).
Brain-imaging studies have found that walking engages brain regions associated with higher-
order cognitive control (Dennis Hamacher et al., 2015). For instance, gait speed control areas
appear to share neural networks with executive functions, particularly involving the prefrontal
cortex (Al-Yahya et al., 2011). Various theories exist to explain the mechanisms underlying CMI

(Lacour et al., 2008; Leone et al., 2017; Wollesen et al., 2016; Yogev-Seligmann et al., 2008).

2.3.1 Theories related to cognitive-motor interference

The most popular theories used to explain CMI are capacity sharing, bottleneck and cross-talk
theories (Leone et al., 2017). Capacity sharing theories suggest that cognitive and motor tasks
share a limited pool of resources that can be flexibly shifted. The central capacity theory suggests
that attention is a single resource pool that can be allocated to various tasks, with performance
depending on the total demand on this shared resource (Kahneman, 1973). In contrast, the mul-
tiple resource theory posits that attention consists of several separate pools tied to specific mo-
dalities (e.g., visual, auditory), processing stages or response types, allowing tasks using different
resources to interfere less with one another than tasks drawing on the same resource (Wickens,
2002). The bottleneck theory focuses on a structural limitation in information processing rather
than a limited resource capacity (Pashler, 1994). This structural limitation or bottleneck is be-
lieved to occur at the response selection stage. When two tasks require a response, the response
selection for the second task must wait until the response selection for the first task is complete.
The cross-talk theory proposes that crosstalk arises when the processing of one task interacts
with the processing of another task, even if there are no resource limitations (Navon & Gopher,
1979; Navon & Miller, 1987). This theory suggests that limitations in cognitive processing are
not just about the quantity of resources or structural bottlenecks but also about the nature and

relationship of the information being processed.

Several theories directly address CMI, considering both task-related and individual-related fac-

tors. For instance, the degree of interference and the prioritization of tasks depends on factors
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such as individual characteristics (e.g., age, physical fitness, cognitive abilities) and the complex-
ity of the tasks involved (Yogev-Seligmann et al., 2012). The task prioritization model posits that
cognitive resources are allocated based on an individual’s postural reserve and hazard estima-
tion (Yogev-Seligmann et al., 2012). Postural reserve encompasses all factors that ensure effec-
tive postural control, reflecting an individual’s “capacity to respond most effectively to a pos-
tural threat” (Yogev-Seligmann et al., 2012, p. 766). Hazard estimation involves cognitive self-
awareness, including the evaluation of environmental risks and personal limitations. Young,
healthy adults are generally believed to have an intact postural reserve and effective hazard
estimation, enabling them to focus on secondary tasks without compromising their gait perfor-
mance. The dual-process model, also known as the U-shaped non-linear interaction model (Hux-
hold et al., 2006), describes a U-shaped relationship between cognitive task difficulty and motor
performance. According to this model, simple cognitive tasks improve motor performance by
promoting an external focus of attention. In contrast, complex tasks lead to competition for
cognitive resources, resulting in decreased motor performance (Decker et al., 2016; Lévdén et
al., 2008). The supra-postural task model (Stoffregen et al., 2007; Stoffregen et al., 2000; Stof-
fregen et al., 1999) explains changes in motor performance from a situational awareness per-
spective rather than task difficulty. According to this model, motor performance may align with
the goals of a secondary task, such as stabilizing head motion during walking while focusing on

specific visual stimuli in the environment.

2.3.2 Quantification of cognitive-motor interference

Methods to quantify cognitive workload or attentional processes include subjective self-reports,
physiological measures and task performance measures (Dehais et al., 2020; Marchand et al.,

2021; M. S. Young et al., 2015). These methods are similarly applicable to quantify CMI.

Subjective measures rely on individuals’ self-reports of their demands during a task using ques-
tionnaires such as the NASA Task Load Index (NASA-TLX) (Hart & Staveland, 1988), the Rating
Scale Mental Effort (RSME) (Zijlstra, 1993) or the Subjective Workload Assessment Technique
(SWAT) (Reid & Nygren, 1988). Although these questionnaires provide valuable insight into per-
ceived workload, they may be influenced by individual biases or rely on retrospective interpre-
tation, making them most effective when complemented by objective measures (M. S. Young et

al., 2015).
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Physiological measures provide objective measures of mental workload by analyzing the body
or brain responses to task demands (Charles & Nixon, 2019). These include electrocardiac activ-
ity (e.g., heart rate, heart rate variability), respiration measures (e.g., respiratory rate, airflow,
volume or gas composition), skin-based measures (e.g., electrodermal activity, skin conduct-
ance), blood pressure, ocular metrics (e.g., blink rate, blink duration, pupil size) and brain activity
(e.g., electroencephalography [EEG], functional magnetic resonance imaging [fMRI]), functional
near-infrared spectroscopy [fNIRS]). However, a notable limitation of physiological measures is
their susceptibility to errors, particularly when transitioning from controlled laboratory settings

to real-world environments (Charles & Nixon, 2019).

Performance measures are central to evaluating CMI, particularly within dual-task paradigms.
Performance in cognitive tasks such as serial subtractions, Stroop tests, n-back tasks or Go/No-
Go tasks is typically evaluated through behavioral parameters, including reaction time, response
accuracy and response speed. Motor performance during walking can be assessed using spatio-
temporal gait parameters, as well as more complex measures of stability, coordination and
rhythmicity, such as Lyapunov coefficients, Floquet multipliers and the harmonic ratio. Among
spatio-temporal gait parameters, gait velocity is the most frequently measured in dual-task ex-
periments, alongside other parameters like cadence, stride length and stride time (Al-Yahya et
al., 2011). Analyzing stride-to-stride variability is particularly important for evaluating motor
control. Low variability suggests reliance on automatic motor processes, while high variability
indicates attentional involvement in motor control (Hausdorff, 2005, 2007; Newell & Corcos,
1993; Springer et al., 2006). For instance, high gait variability is associated with an increased risk

of falls in older adults (Hausdorff et al., 2001; Maki, 1997; Pieruccini-Faria et al., 2020).

A widely used metric for quantifying the relative decline in cognitive or motor performance be-

tween single-task and dual-task conditions is the dual-task effect (DTE) (Kelly et al., 2010):

(Parameterdual task — Parametersingle task)

DTE = X 100%

Parametersingle task

Negative DTE values indicate interference, suggesting that task demands exceeded available

cognitive resources or that resources were reallocated due to changes in task prioritization.
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2.3.3 Research related to cognitive-motor interference

Ageing and neurological disorders. Cognitive-motor interference has been extensively studied
in clinical and epidemiological contexts, particularly using the dual-task walking paradigm. This
approach has shown the impact of age-related cognitive decline and neurological disorders on
the interaction between cognitive and motor functions (Beurskens & Bock, 2012; Kelly et al.,
2012). Age-related changes in brain structure, particularly in the prefrontal cortex, contribute to
a decline in executive functions and attentional capacities, which are critical for handling simul-
taneous cognitive and motor tasks (Yogev-Seligmann et al., 2008). Lundin-Olsson et al. (1997)
demonstrated that older adults who were unable to walk while talking were significantly more
prone to falls. Springer et al. (2006) support this link, reporting increased gait variability under

dual-task conditions in fall-prone individuals compared to non-fallers.

Gait impairments in individuals with neurological disorders are also exacerbated under dual-task
conditions (Kelly et al., 2012; Klotzbier & Schott, 2017). For instance, Klotzbier and Schott (2017)
found that older adults with probable mild cognitive impairment (pMCI) exhibited significantly
greater motor dual-task costs compared to both younger adults and healthy older adults. Addi-
tionally, the study identified distinct patterns of attentional resource allocation. Participants
with pMClI prioritized the cognitive task over the motor task to a greater extent than the control

groups, thereby increasing their risk of falls.

Task complexity. Beyond individual characteristics, the type and complexity of motor and cog-
nitive tasks significantly influence CMI (Yogev-Seligmann et al., 2012). Al-Yahya et al. (2011) clas-
sified cognitive tasks into five categories: reaction time, decision-making, mental tracking, work-
ing memory and verbal fluency, emphasizing the varying cognitive demands and processes
involved. For instance, tasks involving internal cognitive processes, such as mental tracking, tend
to interfere stronger with walking than reaction time or verbal fluency tasks. This is supported
by Patel et al. (2014), who observed that CMI during dual-task walking varies based on the type

and perceived complexity of the cognitive task.

More complex motor tasks typically demand increased cognitive resources, as demonstrated by
heightened activity in cortical and subcortical regions, including the motor cortex, thalamus, ba-
sal ganglia, parietal lobule, and the frontal and occipital lobules (Godde & Voelcker-Rehage,

2010; Dennis Hamacher et al., 2015). Maintaining a stable gait, even during relatively simple
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walking tasks, requires a considerable allocation of conscious attention, which increases with
motor task complexity (Clark, 2015). Numerous studies have explored the effects of motor task
complexity on CMI in both healthy individuals and individuals with neurological disorders (Kao
& Pierro, 2022; Kelly et al., 2010; McFadyen et al., 2009; Reiser et al., 2019; Timmermans et al.,
2018). Timmermans et al. (2018) investigated CMI in stroke patients during walking through
both real and virtual obstacle environments. Their results demonstrated that obstacle negotia-
tion, regardless of modality, led to significantly greater CMI compared to unobstructed walking.
Although overall interference levels were comparable between the real and virtual conditions,
notable differences emerged in task prioritization. Participants prioritized motor performance
in the real obstacle environment, reflecting stronger adherence to the posture-first strategy
(Shumway-Cook et al., 1997). Complementary findings were reported by Reiser et al. (2019) in
a mobile EEG study with healthy young adults. Findings showed that increasing walking com-
plexity in an outdoor walking scenario was associated with a reduction in parietal P3 amplitude.
This reduction suggests that more complex motor conditions increase cognitive demand,
thereby limiting the capacity available for secondary cognitive tasks. Correspondingly, partici-
pants reported higher subjective workload and exhibited reduced cognitive task performance as

walking complexity increased.

Lower-limb exoskeletons. Operating a lower-limb exoskeleton can be considered a complex
motor task, as it may impact natural walking patterns by restricting joint movement and chang-
ing mass distribution (Jin et al., 2017). These biomechanical changes require users to adapt their
neuromuscular control strategies, thereby increasing attentional demands to ensure stable
walking (Andrade et al., 2024). Bequette et al. (2020) found that, during a simulated patrol task,
some participants exhibited slower reaction times in a concurrent visual search task while using
a powered lower-limb exoskeleton, with performance decrements more pronounced under
powered conditions. Furthermore, subjective workload ratings, as assessed by the NASA-TLX,
were significantly higher during both powered and unpowered exoskeleton-assisted walking
compared to unassisted walking. The authors also highlighted the inter-individual variability in
performance parameters. Consistent with this observation, Leibman et al. (2022) reported vari-
ability in cognitive performance across participants. Their study utilized a dual-task protocol
combining a visual attention task with a physical peg-in-hole activity, requiring squatting or over-
head work, while using either shoulder-mounted or lower-limb exoskeletons. The findings sug-

gested that these differences not only varied between participants but also between different
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types of exoskeletons. Using the same experimental paradigm, Leibman and Choi (2025) exam-
ined mean task performance and intra-individual variability in both motor and cognitive tasks.
Regarding the squatting task involving a passive lower-limb exoskeleton they found increased
motor performance variability, i.e greater inconsistency in completing one trial, but no impact
on the cognitive performance. The authors posited that the minimal cognitive load imposed by
the exoskeleton could be attributed to the simplicity and passive nature of the device, as well as
the relatively static nature of the task. The studies mentioned above did not involve an adapta-
tion period. However, adaptation has shown to improve muscle recruitment patterns (Gordon
& Ferris, 2007) and reduce energy costs (Poggensee & Collins, 2021). Higher levels of physical
effort have been associated with a shift from automaticity to executive control, thereby increas-
ing cognitive demands (Clark, 2015). Afzal et al. (2017) conducted a study involving eight indi-
viduals with multiple sclerosis who underwent up to 15 training sessions walking with and with-
out a lower-limb exoskeleton while performing a reaction time task. Preliminary results revealed
no significant differences in reaction times between assisted and unassisted conditions, suggest-

ing that exoskeleton use may not necessarily impose additional cognitive load.

Findings across studies vary substantially and are difficult to directly compare due to inter-indi-
vidual differences and heterogeneity in experimental protocols, including variations in familiar-
ization periods, exoskeleton types and the specific motor and cognitive tasks employed. No
study to date has comprehensively evaluated cognitive and motor performance concurrently in
dual-task walking with a lower-limb exoskeleton. Existing work often isolates either motor or
cognitive performance, without systematically investigating the interplay between cognitive
processes and motor control. To address this gap, the present thesis proposes a novel concep-
tual framework that explicitly integrates CMI as a central construct in the investigation of hu-
man-exoskeleton interaction, with a focus on lower-limb exoskeletons during walking (see Fig-

ure 5).

2.3.4 Performance operating characteristics

The performance operating characteristics (POC) framework, first introduced by Norman and
Bobrow (1975), provides a method to evaluate how performance on two or more simultaneous
tasks varies in relation to changes in resource allocation. The POC framework can serve as a

visual-descriptive tool to examine how cognitive resources are distributed across concurrent
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tasks which can be valuable when investigating CMI. At the core of this framework lies a distinc-
tion between resource-limited and data-limited processing (Norman & Bobrow, 1975). A task is
defined as resource-limited if its performance can be improved through the allocation of addi-
tional cognitive resources. In contrast, a task is data-limited when its performance is constrained
solely by the quality or quantity of available sensory information. In such cases, further increases
in resource allocation do not lead to a performance increase. POCs are particularly meaningful
when at least one of the tasks is resource-limited, creating a functional interdependence be-
tween them. When two resource-limited tasks are performed concurrently, the principle of
complementarity applies: allocating more resources to one task results in fewer resources avail-
able for the other (Norman & Bobrow, 1976). Consequently, performance decrements or im-
provements across tasks can be plotted within a shared resource-performance space. Within
the context of the POC framework, Wickens et al. (1981) illustrate dual-task performance as a
single point. This point reflects the relative performance decrements in each task when per-

formed simultaneously, as compared to their respective single-task baselines (see Figure 4).
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Figure 4. Exemplary representation of dual-task performance within the POC framework. From Riedel and Deml
(2025), adapted from Wickens et al. (1981).

A shift toward the upper-right corner of the plot reflects improvements in both tasks, indicating

more efficient resource allocation or reduced interference. When the point moves closer to one
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of the single-task performance boundaries, represented by black dashed lines, this suggests a

prioritization of the corresponding task.

In the context of CMI, Kelly et al. (2010) applied the POC framework to investigate dual-task
performance using a walking paradigm. Their study examined how instructed attentional focus
and task difficulty influenced performance on both walking and a secondary cognitive task in
healthy young adults. By plotting performance within the POC space, the authors were able to
guantify the degree of dual-task interference and track how performance shifted under different
instructional and task-load conditions. Expanding on this approach, the POC has considerable
potential for application in the domain of human-exoskeleton interaction. It provides a method
to assess how different exoskeleton systems influence user performance and how performance

patterns change throughout the adaptation phase.
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Assessing cognitive-motor interference is particularly relevant in human-exoskeleton interac-
tion, where the user must not only perform motor tasks but also engage in cognitive processes
such as decision-making, navigation or interaction with the control system. The dual demands
on cognitive resources can lead to reduced performance in either or both domains, posing chal-
lenges for user safety and system efficiency. For instance, users navigating uneven terrain may
experience an increased cognitive load as they focus on interpreting environmental cues while

simultaneously coordinating their movements with the exoskeleton.

To account for the cognitive aspects of human-exoskeleton interaction, the framework shown
in Figure 3 has been expanded integrating the methodological framework shown in Figure 1. The
resulting conceptual framework shown in Figure 5 shifts the focus from purely physical interac-
tion (thick arrows) to include the cognitive interplay (dashed arrows) between the user and the
exoskeleton. Recognizing that exoskeletons may introduce cognitive demands, this framework
aims to capture the dynamic allocation of cognitive resources between motor control and other
cognitive processes during exoskeleton operation. In this thesis, the allocation of cognitive re-
sources was assessed using both motor and cognitive performance measures. Motor perfor-
mance was evaluated via gait parameters, cognitive performance via secondary task outcomes

and perceived physical and cognitive workload were included as subjective indicators.
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Figure 5. Conceptual framework integrating the cognitive dimension in human-exoskeleton interaction.
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Drawing from the literature outlined above, five general research questions (RQs) were derived

(see Figure 6):

RQ1. How does exoskeleton use influence motor performance (motor control) during walking?

RQ2. How does exoskeleton use influence cognitive performance (cognitive processes) during
walking?

RQ3. How does exoskeleton use influence the allocation of cognitive resources during walking?

RQ4. How does the type of the secondary cognitive task modulate cognitive resource allocation

during exoskeleton-assisted walking?

RQ5. How does short-term adaptation to exoskeleton use influence cognitive resource alloca-

tion during walking?

User
d RQ4 Cognitive RQ3 RQS i
Secondary =2 N - ——— == —— | Motor control f«+———— Adaptation
as processes
e
~ -
~ e
~ e
~ //
RQ2 - -7 RQ1
~ 7
~N Ve
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Study 1 - Weight cuffs
Study 2 - TWIN exoskeleton

Figure 6. Methodological framework with research questions (RQ).

As outlined in the introduction, this thesis comprises two studies. Research Questions 1 to 3
were addressed in both studies. Study 1 additionally focused on Research Question 4, examining
the influence of different secondary tasks. Study 2 further addressed Research Question 5, in-

vestigating the role of short-term adaptation® to exoskeleton-assisted walking. Notably, Study 1

! Short-term adaptation refers to early adjustments occurring over limited practice, while familiarization
refers to initial exposure and full adaptation refers to long-term changes after extensive training. In this
thesis, short-term adaptation and familiarization are used interchangeably to describe early adjustments
over short practice periods (minutes to hours).
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utilized weight cuffs to passively modify leg mechanics, rather than employing a powered exo-
skeleton. As exoskeletons can modify leg mechanics via rigid structures, this setup provides in-

sight into passive exoskeletal effects.

Chapters 4 and 5 provide brief overviews of Studies 1 and 2, respectively, and include full cita-
tions of the associated publications. The publications have been incorporated into the overall
structure of this thesis, with chapter, figure and table numbering adjusted for consistency and
readability. Furthermore, certain figures were removed to eliminate redundancies across the
dissertation. While the formatting has thus been adapted, the texts themselves are reproduced
in their original published form. As a result, some publications are written in British English and
others in American English. All literature references are presented in APA 7 format, consistent
with the rest of the thesis. All co-authors of the published papers have declared that they will

not use the publication in the context of another academic examination.
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In the first study, sixteen participants walked on a treadmill at their preferred walking speed
under two conditions: with and without weight cuffs attached to their upper and lower legs.
During walking, they simultaneously performed a subtraction task, a Stroop test or no additional
task. The objective was to examine how modified leg mechanics, induced by the passive loading
of weight cuffs, and varying cognitive demands influence motor and cognitive performance, as
well as perceived workload. Since exoskeletons can modify leg mechanics through rigid struc-
tural components (Jin et al., 2017), this experimental setup provides insight into the potential
effects of passive exoskeletal elements, excluding the influence of active actuator support. Ac-
cordingly, the conceptual framework presented in Figure 5 was adapted in Figure 7 to reflect
the passive nature of the methodological manipulation, omitting any interaction with a control

unit typically found in powered exoskeletons.
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Figure 7. Conceptual framework adapted to the methodology of Study 1.

Study 1 resulted in two publications. The first focused on cognitive performance during the sec-
ondary tasks, as well as participants perceived mental and physical workload (see Section 4.1).

The second publication built upon these findings by examining motor performance parameters,
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including gait variability and mean gait parameters (see Section 4.2). Together, these publica-
tions provide an integrated analysis of cognitive and motor performance to assess cognitive-

motor interference.

4.1 Effects of modified leg mechanics on cognitive
performance and workload during dual-task walking

The following subsections (4.1.1 Introduction, 4.1.2 Method, 4.1.3 Results, 4.1.4 Discussion and

4.1.5 Conclusion) are full citations from the publication:

Riedel, N., Herzog, M., Stein, T., & Deml, B. (2023). Effects of modified leg mechanics on cogni-
tive performance and workload during dual-task walking. In D. de Waard, V. Hagemann,
L. Onnasch, A. Toffetti, D. Coelho, A. Botzer, M. de Angelis, K. Brookhuis, and S. Fair-
clough (2023). Proceedings of the Human Factors and Ergonomics Society Europe Chap-
ter 2023 Annual Conference. (pp. 197-211). Downloaded from http://hfes-europe.org
(ISSN 2333-4959)

4.1.1 Introduction

“Lower limb exoskeletons as assistive walking devices are being studied and developed for a
wide variety of applications (see review in A. J. Young & Ferris, 2017). There are a few lower limb
exoskeletons, especially in the field of rehabilitation, which are already being used in practical
applications using predetermined trajectories (see review in Di Shi et al., 2019). The trajectories
are collected from healthy persons normal gait data and restrict the user's motion accordingly
to these trajectories. However, there is still a need for research and development before mobile
exoskeletons for daily activities and highly dynamic applications successfully move from the la-
boratory environment to the field (A. J. Young & Ferris, 2017). As this transition gets closer, hu-
man factor aspects must receive greater attention in the development and evaluation of exo-
skeletons (Stirling et al., 2019). Davis et al. (2020) identified three key research areas to inform
human-centred design of exoskeletons: user acceptance, physical and mental load (dual de-
mands), and biomechanical effects (e.g., kinematics, kinetics). To date, most research has quan-
tified the effects of lower limb exoskeletons using biomechanical and physiological indicators.

In contrast, the investigation of cognitive workload in human-exoskeleton interaction has barely
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been considered (Pinto-Fernandez et al., 2020). The analysis of cognitive workload in the context
of human-exoskeleton interaction is crucial, because the user's cognitive abilities must be main-
tained such that operational activities can be performed appropriately (Stirling et al., 2020). A
field study with soldiers demonstrated that wearing a lower limb exoskeleton resulted in slowed
reaction times in a visual search task for some subjects (Bequette et al., 2018, 2020). This study
provides preliminary hints that wearing an exoskeleton during early adaptation may place a cog-
nitive load on the user. The authors suggest that some subjects showed increased cognitive
workload due to the interaction with the mechanical properties (weight, bulk, range of motion)

and some due to the actively applied assistance (actuators, control strategy).

4.1.1.1 Dual-task walking

There are different methods to assess cognitive workload. In the context of assistive wearable
devices, dual-task paradigms and subjective assessments are predominantly used (Marchand et
al., 2021). Dual-task paradigms are of interest in the study of human-exoskeleton interaction, as
simultaneous cognitive and motor tasks have been shown to be interdependent (Al-Yahya et al.,
2011; Woollacott & Shumway-Cook, 2002). In this context, the literature refers to cognitive-
motor interference. Interferences occur when the capacity of limited cognitive resources is
reached and is indicated by reductions in performance in the motor or cognitive task, or even in
both tasks. The investigation of cognitive-motor interferences is widely used in clinical and epi-
demiological studies to investigate the influence of age-related factors and neurological diseases
on cognitive and motor performance (Beurskens & Bock, 2012; Raffegeau et al., 2019). Motor
control to maintain postural stability is thought to require more conscious attention in elderly
than in healthy young adults (Lundin-Olsson et al., 1997). However, significant effects of dual
task walking on motor or cognitive parameters have also been found in healthy young adults

(Patel et al., 2014; Szturm et al., 2013; Yogev-Seligmann et al., 2010).

The extent of cognitive-motor interference is also determined by how the brain prioritises the
individual tasks. The allocation of cognitive resources or task prioritisation depends on various
factors, such as individual characteristics or task complexity (Kelly et al., 2012; Yogev-Seligmann
et al., 2008, 2012). The traditional theory to explain task prioritisation in dual-task walking is the
posture first principle, which postulates that healthy subjects prioritise the motor task over the

cognitive task to avoid threats like falling when no specific instructions are given (Shumway-
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Cook et al., 1997). More recently, research suggests a more complex interplay of individual fac-
tors. According to the integrated model of task prioritisation of Yogev-Seligmann et al. (2012),
two main factors contribute to the choice of the task prioritization strategy. One factor is the
postural reserve “that reflects the individual’s capability to respond most effectively to a pos-
tural threat”. The second factor is hazard estimation that involves different aspects of self-
awareness such as the ability to estimate environmental hazards and being aware of self-limita-
tions. These factors together with other factors such as expertise, personality and the nature of
the secondary task determine the choice of the prioritisation strategy. Healthy young adults who
have a high postural reserve and high hazard estimation prioritise the cognitive task without
reductions in gait performance (Yogev-Seligmann et al., 2012). However, more complex envi-
ronments or motor tasks can demand the postural reserve, resulting in a shift of attention to
the motor task to avoid potentially critical hazards. As a result, less cognitive resources are avail-
able to perform the secondary task, which can lead to a reduction in performance (Bequette et
al.,, 2020). Studies using neural correlates support this hypothesis by reporting significant
changes in brain activity with varying complexity of the cognitive task (Hill et al., 2013) or motor

task (Reiser et al., 2019).

4.1.1.2 Present study

Using a dual-task walking paradigm, the present study investigates under controlled laboratory
conditions the extent to which modified leg mechanics affect motor and cognitive performance
while walking on a treadmill. Weight cuffs bilaterally attached to the thighs and shanks of the

participants manipulate the mechanical properties and add complexity to the motor task.

The present paper shows preliminary results examining cognitive performance in secondary
tasks and perceived workload. It was hypothesised that walking with modified leg mechanics
demands the postural reserve and consequently reduces cognitive performance compared to
normal walking (H1) and increases perceived cognitive (H2) and physical workload (H3) com-

pared to normal walking or sitting.
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4.1.2 Method

4.1.2.1 Participants

Sixteen healthy young adults (age: M = 24.1, SD = 3.4; height: M =172.9 cm, SD = 8.8 cm; mass:
M =65.1 kg, SD = 10.4 kg; sex: 9 female, 7 male) were recruited among students of the Karlsruhe
Institute of Technology. Participants completed a medical history screening and were excluded
from the study if musculoskeletal, neurological, or cardiovascular disease or red-green weakness
was present that could affect walking secondary task performance. Written informed consent
was obtained in accordance with approved institutional review board procedures. The ethics

committee of the Karlsruhe Institute of Technology approved the study.

4.1.2.2 Experimental procedures

In this experiment with a 3x3 within-subjects design, participants walked on a treadmill with and
without weight cuffs bilaterally attached to the thigh and shank (Motor Condition: sitting, un-
loaded walking, loaded walking) and simultaneously performed cognitively demanding second-
ary tasks (Cognitive Condition: no secondary task, visual-verbal Stroop test [STR], descending
subtraction task [SUB]). Table 1 gives an overview of the experimental conditions including four

single task and four dual task conditions.

Table 1.  Overview of experimental conditions. ST - single task; DT - dual task

Sitting Unloaded walking Loaded walking

Control motor condi- Control motor condi-
No secondary task -

tion (STs) tion (STa)
Control cognitive
Stroop test (STR) condition (ST1) DT: DT
Subtraction task Control cognive con-
(SUB) dition (STa) DT DT

First, for familiarisation, the two secondary tasks were performed in a seated position. After a
six-minute familiarisation period of walking on the treadmill (Meyer et al., 2019) and the deter-
mination of the preferred gait speed according to the procedure proposed by Jordan et al.
(2007), the unloaded and loaded walking sessions were carried out in a counterbalanced order.

Finally, the two secondary tasks were performed again in a seated position as single task control
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condition (Figure 8). These control conditions are needed to compare task performance under

single and dual task conditions.

Preparation/ Walking sessions Control sessions
Familiarisation (1x with weight cuffs, 1x without weight cuffs) (in seated position)

»

Order of walking sessions and
secondary tasks were counterbalanced

Perceived workload scales

Adaptation - Single task Single task
Single task walking walking walking
(6 Minutes) (2 Minutes) (2 Minutes)

Figure 8. Experimental protocol. Black arrows indicate the times at which the perceived workload subscale were
queried during the walking sessions. (Riedel et al., 2023)

4.1.2.3 Motor main task

As a motor task, participants walked on a treadmill (h/p/cosmos, model: saturn 300/100) with
and without weight cuffs bilaterally attached to the thigh and shank, each weighing 2.25 kg (total
weight: 9 kg). The individual preferred gait speed (M = 4.1 km/h, SD = 0.3 km/h) was kept con-
stant for both sessions. A custom developed hip belt was used to attach the weight cuffs to the
thigh. Two Velcro straps were attached to the hip belt on each side of the leg, into which the
weight cuffs could be hooked. Figure 9 illustrates the experimental setup, the positions of the
weight cuffs and shows how they were attached to a participant along with the hip belt. The
Velcro straps could be adjusted in height so that the lower edge of the weight cuffs was posi-
tioned 10 cm above the knee joint axis for each participant. A safety harness secured participants
while walking on the treadmill. Whole-body movements were recorded using an infrared cam-
era system (Vicon Motion Systems Ltd.) with sixteen cameras. The marker setup includes 56
markers. In the present paper, motor performance is not investigated. However, extensive data

sets are available and may be analysed further.
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Thigh: 2.25 kg (per leg) . '
Shank: 2.25 kg (per leg) ' .

Figure 9. (a) Experimental setup. (b) Schematic representation of the positions of the weight cuffs. (c) Represen-
tation of the attachment of the weight cuffs to a participant. (Riedel et al., 2023)

4.1.2.4 Cognitive secondary task

In a meta-analysis, Al-Yahya et al. (2011) found that cognitive tasks disturb walking more when
internal rather than external interfering factors are involved. Based on the type of mental pro-
cesses required to perform the tasks, the authors established classifications. Two cognitive tasks
from different classifications were used in this study: A visual-verbal version of the Stroop test
(STR) (Stroop, 1935) as a decision-making task involving external interfering factors and a de-
scending subtraction task (SUB) as a mental tracking task involving only internal interfering fac-

tors.

In STR, a 10x10-matrix of colour words (red, blue, green, yellow) with incongruent word and
colour information was presented for 60 seconds (Figure 10). To avoid learning effects, there
were five different matrices, which were presented in random order. Participants were in-
structed to name the respective font colour of the words as quickly as possible and without
error. Participants started in the left top corner and continued column wise to the right. Cogni-
tive performance was determined by the correct response rate (CRR). According Galletly and
Brauer (2005), this is calculated by multiplying the response rate (responses per second) and the

accuracy (percent of correct responses).

In SUB, a random three-digit number between 201 and 999 was presented. The participants
were asked to serially subtract the number 7 for 60 seconds starting with the presented number.
The CRR was again used as the outcome measure. Both tasks were performed in a seated posi-
tion (cognitive control condition) and during unloaded and loaded walking. For familiarisation,

the participants first completed a 20-second test trial, followed by a 60-second training trial in a
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seated position for both tasks. While seated, the tasks were presented on a 22-inch monitor at
a distance of approximately 80 cm from the participant. While walking on the treadmill, a 65-
inch monitor was used at a distance of 240 cm from the participant. The monitor height was set
so that the top edge was at the eye level of the participant. Participants' responses were rec-
orded for analysis via a recording device (Sony, model: ICD- UX570) with a clip-on microphone

(Phillips, model: LFH9173/00).

ROT GELB ROT BLAU ROT GRUN GELB BLAU GRUN
BLAU BLAU GRUN GELB GELB GELB ROT ROT
GRUN BLAU GELB ROT
GRUN GELB GRUN ROT GRUN BLAU GELB GRUN GELB
GELB GELB ROT ROT ROT ROT GRUN GELB BLAU
ROT GRUN GELB GELB GELB GRUN GELB GRUN
GELB ROT ROT GRUN BLAU
GRUN ROT BLAU GRUN ROT BLAU GELB BLAU
GELB GELB GRUN GELB GELB GELB GRUN GELB
GRUN BLAU GRUN BLAU GELB BLAU ROT

Figure 10. Exemplary 10x10-matrix of colour words as used in the study. (Riedel et al., 2023)
4.1.2.5 Walking protocol

Figure 8 shows the protocol of a walking session. Both walking sessions (unloaded and loaded
walking) started with a six-minute block of single task walking (motor control condition). This
block controlled for possible adaptation effects to ensure that participants did not have to use
cognitive resources to adapt to unfamiliar walking conditions. Noble and Prentice (2006) showed
that adaptation is completed after 45-50 strides when walking with unilateral weights. This was
followed by the first secondary task for 60 seconds. To counteract cognitive fatigue, a two-mi-
nute block of single task walking followed before the second secondary task was presented for
60 seconds. Sessions ended with another two-minute block of single task walking. In total, this

protocol lasted 12 minutes each. The order of walking sessions and appearance of secondary
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tasks were counterbalanced to account for fatigue and learning effects. No specific instructions

were provided regarding which task to prioritise.

4.1.2.6 Subjective measures

Immediately after each of the eight experimental conditions (Table 1), the two subscales Mental
Demand and Physical Demand of the NASA-TLX (Hart & Staveland, 1988) were queried. Here,
participants were presented with the subscale description along with the scale (0 — low demand,
100 — high demand) and had to verbally indicate the number that was appropriate for them.
While walking on the treadmill, participants had 30 seconds per subscale to give a response.

Figure 8 indicates the time of the queries with black arrows.

4.1.2.7 Dependent variables and statistics

The effects of the experimental conditions on cognitive performance and perceived workload
were determined using the CRR and ratings of NASA-TLX subscales, respectively. To assess rela-
tive change of the CRR the dual task effects (DTE) were calculated (Kelly et al., 2010). Negative
values represent a reduction under dual task conditions; positive values represent an improve-
ment under dual task conditions. Since a lower CRR represents a reduction in task performance,

the DTEs are calculated as follows:

DTE = (CRRayai task—CRRsingle task) % 100%
CRRsingle task
The Kolmogorov-Smirnov test was used to test the data for normal distribution. In the ratings
on perceived workload, the assumption of normal distribution was violated in three out of
twelve conditions. Since rmANOVAs are considered robust to violations of the normal distribu-
tion, the parametric tests were nevertheless used (Vasey & Thayer, 1987). Homogeneity of var-
iances was tested using Levene's test based on the median and homogeneity of covariances was
calculated by Box’s test. Sphericity of the data was tested with the Mauchly test. When this
assumption was violated, degrees of freedom were adjusted with the Greenhouse-Geisser cor-
rection. For all statistics, significance level was set a priori as a = .05. Bonferroni correction was
applied to post hoc comparisons. Effect sizes are given as partial eta squares with nf, =.01 indi-
cating a small effect, nfg =.06 a medium effect and nf, =.14 a large effect (Cohen, 1988). Statis-

tics were evaluated using SPSS 28 (IBM Statistics Armonk).
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A 2x2x2-mixed-ANOVA with within-factors Task Condition (STR, SUB) and Motor Condition (Un-
loaded walking, loaded walking) and between-factor Session Order (Start with unloaded walking,
start with loaded walking) was conducted to test differences in DTE (H1). Since the analysis of
the descriptive data indicated order effects, this was exploratively included in the statistical
model. The between-factor Session Order was used to investigate whether it makes a difference
if the walking session is started with unloaded or loaded walking. Two 2x3-rmANOVAs were
conducted with within-factors Task Condition (STR, SUB) and Motor Condition (Sitting, unloaded
walking, loaded walking) to test differences of perceived cognitive (H2) and physical workload

(H3).

4.1.3 Results

Table 2 shows absolute and relative values for cognitive performance variables and for perceived

cognitive and physical workload in each single task and dual task condition.

4.1.3.1 Cognitive performance

Analysis of DTE showed no significant main effects of Task Condition (F (1, 14) < 1, p = .974, nf,
< .000), Walking Condition (F (1, 14) = 2.79, p = .117, nf, =.166) and Session Order (F (1, 14) =
2.20, p =.160, N3 = .136).

There was a significant interaction effect between Walking Condition and Task Condition (F (1,
14) = 5.65, p = .032, nf, = .287). This indicates that the cognitive performance in the different
walking conditions differed according to the type of task performed. Reviewing the interaction
graph in Figure 11a, this suggests that cognitive performance in SUB decreases from unloaded
to loaded walking, whereas cognitive performance in STR shows no differences from unloaded
to loaded walking.

Table 2.  Absolute and relative measures of cognitive performance and perceived cognitive and physical work-
load. Values represent mean (standard deviation). DTE - dual task effects.

L Unloaded Loaded
Sitting . .
walking walking
Performance — Stroop-Test
Correct response rate 1.200 (0.262) 1.155 (0.225) 1.169 (0.242)
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Sitting Unloaded Loaded
walking walking
Correct response rate DTE (%) - -3.09 (9.36) -2.32 (5.90)
Starting w. unloaded walking (n=8) - -9.37 (2.47) -4.05 (2.06)
Starting w. loaded walking (n=8) - 3.19 (2.47) -.58 (2.06)
Performance — Subtraction-Task
Correct response rate .277 (0.106) .288 (0.113) .251 (0.119)
Correct response rate DTE (%) - 4.62 (19.02) -9.75 (24.81)
Starting w. unloaded walking (n=8) - 6.97 (6.91) 5.20(7.11)
Starting w. loaded walking (n=8) - 2.28 (6.91) -24.70 (7.11)
Workload — Stroop-Test
Cognitive workload 38.0(23.6) 35.1(25.1) 40.4 (28.2)
Physical workload 3.5(4.7) 15.1(8.6) 37.2(21.6)
Workload — Subtraction-Task
Cognitive workload 49.6 (24.9) 48.9 (22.8) 56.4 (25.6)
Physical workload 3.7 (5.0) 15.1(7.3) 37.3(22.7)
Workload — No secondary task
Cognitive workload - 6.7 (9.8) 8.5 (8.6)
Physical workload - 14.1 (9.3) 37.1(21.8)

There was a significant interaction effect between Task Condition and Session Order (F (1, 14) =

9.03, p = .009, ‘1?) = .392). This indicates that cognitive performance in STR and SUB differed

depending on the session order. Figure 11b shows the mean DTE for each dual task condition

for the group of participants who started with unloaded walking and the group of participants

who started with loaded walking. The interaction graph revealed a disordinal interaction sug-

gesting that starting with loaded walking strongly reduces cognitive performance for SUB and
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only slightly for STR. Starting with unloaded walking seems to have the opposite effect, suggest-
ing a reduced cognitive performance in STR and a slightly increased cognitive performance in

SUB.

The interaction effect between Walking Condition and Session Order showed a statistical trend
(F(1,14)=4.43, p=.054, nf, =.240). This indicates that cognitive performance during unloaded
and loaded walking tend to differ depending on the session order (Figure 11b). The interaction
graph revealed a disordinal interaction suggesting that starting with loaded walking decreases
the cognitive performance during loaded walking and has only small positive effects on cognitive
performance during unloaded walking. In contrast to this, starting with unloaded walking has

only small effects on cognitive performance for both walking conditions.

20 20
(a) (b)
10 10
0 : — —— 0
§ \i
w -10 -10 4
= \
(m]
-20 4 =20 -
— & - Start without weight - STR
-30 4 -304 — = -Start without weight - SUB
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Unloaded walking Loaded walking Unloaded walking Loaded walking

Figure 11. (a) Mean dual task effects (DTE) for STR and SUB in the unloaded and loaded walking condition. (b)
Mean DTE for STR and SUB in the unloaded and loaded walking condition for the group of participants
who started with unloaded walking (n=8) and the group of participants who startet with loaded walking
(n=8). Error bars reflect 95% ClI. (Riedel et al., 2023)

The three-way interaction Walking Condition x Task Condition x Session Order was not significant

(F(1,14) = 1.60, p = .227, 13 = .102).

4.1.3.2 Perceived cognitive workload

There was a significant main effect of Task Condition on the perceived cognitive workload (F (1,
15) = 9.257, p = .008, n?, = .382). Reviewing the mean ratings indicated that the SUB was per-
ceived as more cognitively demanding than STR (Figure 12a). There was also a significant main
effect of the Motor Condition on the perceived cognitive workload (F (2, 30) = 4.155, p = .026,

nf, =.217). Post-hoc analysis revealed that perceived cognitive workload was not significantly
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different from control condition to unloaded walking (MDiff = 1.81, 95%-Cl [-2.46, 6.08], p =
.813) and to loaded walking (MDiff = -4.59, 95%-Cl [-11.78, 2.59], p = .317). The difference of
perceived cognitive workload between unloaded and loaded walking showed a statistical trend
(MDiff =-6.41, 95%-Cl [-13.07, 0.26], p = .062), suggesting a higher perceived cognitive workload
in loaded compared to unloaded walking. There was no significant interaction effect between

Task Condition and Motor Condition (F (2,30) <1, p =.474, n,zg =.049).

4.1.3.3 Perceived physical workload

There was no significant main effect of Task Condition on the perceived physical workload (F (1,
15)< 1, p = .871, n% = .002), indicating that the type of secondary task had no effect on the
perceived physical workload (Figure 12b). There was a significant main effect of the Motor Con-
dition on the perceived physical workload (F (1.091, 16.366) = 27.864, p < .001, nf, =.650). Post-
hoc analysis revealed that perceived physical workload significantly increased from control con-
dition to unloaded walking (MDiff =-11.53, 95%-Cl [-15.22, -7.85], p < .001) and to loaded walk-
ing (MDiff = -33.63, 95%-Cl [-48.76, -18.49], p < .001). The differences between unloaded and
loaded walking were also significant (MDiff =-22.09, 95%-Cl [-36.70, -7.49], p = .003). There was
no significant interaction effect between Task Condition and Motor Condition (F (2,30)< 1, p =

991, n3 =.001).
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Figure 12. (a) Mean ratings of mental demand. (b) Mean ratings of physical demand. Error bars reflect 95% Cl.
(Riedel et al., 2023)
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4.1.4 Discussion

The present paper investigated effects of modified leg mechanics on cognitive performance and
perceived workload while walking on a treadmill using a dual-task paradigm. It was hypothesised
that walking with modified leg mechanics reduces cognitive performance compared to normal
walking (H1) and increases perceived cognitive (H2) and physical workload (H3) compared to
normal walking or sitting. Additionally, possible order effects on cognitive performance were

exploratively investigated.

4.1.4.1 Cognitive performance (H1)

Cognitive performance in the secondary tasks was assessed via the correct response rates. To
account for relative changes from dual task walking compared to single task while sitting, the
dual task effects were calculated. The results provide mixed support for the hypotheses H1.
There is no simple main effect of modified leg mechanics on cognitive performance in the dif-
ferent dual task conditions. However, a significant interaction effect suggests that walking with
modified leg mechanics decreased cognitive performance in SUB, but not in STR, indicating an
increased cognitive load due to the added weights (Figure 11a). In agreement with the task pri-
oritsation framework proposed by Yogev-Seligmann et al. (2012), this finding suggests that the
type of secondary task and the complexity of the motor task as a threat to postural stability
affects allocation of attention in healthy young adults. Walking with modified leg mechanics
seems to threaten postural stability, so maintaining the stability of the otherwise largely auto-
mated process of walking requires conscious attention. This allocation of attention to walking
could explain the reduction in performance in the secondary task. According to a meta-analysis
by Al-Yahya et al. (2011), tasks that require memorizing information and simultaneously per-
forming internal, mental processes, such as SUB, interfere stronger with gait performance than
tasks involving external stimuli. Mental tracking tasks, such as SUB, appear to share similar com-
plex neural networks to those activated during walking (Al-Yahya et al., 2011). In particular, the
prefrontal cortex was found to be involved in locomotion and dual tasking (Dennis Hamacher et
al., 2015; Holtzer et al., 2011). Hill et al. (2013) reported that walking while serially subtracting
7 increased the prefrontal cortex activity compared to walking while counting backwards by 1 in
young adults. This supports the results of the present paper that SUB required a significant
amount of cognitive resources that may have interfered with loaded, but not with unloaded

walking.
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In fact, unloaded walking slightly improved performance in SUB compared to single task. Similar
dual task benefits in normal walking were found in a previous study (Yogev-Seligmann et al.,
2010). Practice effects can be excluded because all experimental conditions were counterbal-
anced, the starting number was randomized in SUB and the single task session was always per-
formed after the dual task sessions. Therefore, the activity of (unloaded) walking itself may be
the reason for the improved performance in SUB. According to the Yerkes-Dodson law (Yerkes
& Dodson, 1908), performance increases with physiological or mental arousal, while perfor-
mance decreases when the level of arousal is too low, as may be the case in the seated condition,

or too high, as may be the case in the loaded walking condition.

As the present paper has not investigated motor dual task effects, no conclusive statements can
be made about cognitive-motor interferences and task prioritization strategies. For example, in
agreement with the results of the present study, Patel et al. (2014) reported higher cognitive
costs for the subtraction task compared to the Stroop test. However, they also reported higher
motor costs for the Stroop test compared to the subtraction task. Additional analysis of the mo-

tion data may provide further insight into task prioritisation strategies.

The descriptive data of the cognitive performance showed that especially subjects who started
with loaded walking showed reduced performance in SUB during loaded walking. For this rea-
son, the between-subjects factor Session Order was included in the statistical model as an ex-
ploratory measure. In fact, interaction effects could be found that suggest an influence of the
session order (Figure 11b). In particular, participants who started with the most complex dual
task condition (loaded walking with SUB) showed cognitive performance reductions during
loaded walking, while participants who started with unloaded walking even showed a little per-
formance improvement. The interplay of novelty and complexity of the dual-task condition
might have been perceived as an increased hazard for postural stability, which requires an intact
hazard estimation. Interestingly, participants who started with unloaded walking showed
slightly reduced dual task performance in STR while participants who started with loaded walk-
ing showed almost no change in dual task performance compared to single task. It is possible
that different prioritisation strategies were adopted depending on the complexity of the motor
task in the first attempt. Another explanation are the individual differences in the cognitive and
motor abilities of the participants, which may mask the effects of the experimental manipulation

due to the small sample in the present study (Bequette et al., 2020).
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4.1.4.2 Perceived Workload (H2 & H3)

Perceived physical and cognitive workload were assessed with the respective subscales of the
NASA-TLX in all experimental conditions. As hypothesised the perceived physical workload in-
creased significantly from sitting to unloaded walking to loaded walking, validating the experi-
mental manipulation. Perceived cognitive workload showed a statistical trend, indicating an in-
creased cognitive workload in loaded walking compared to unloaded walking. Bequette et al.
(2020) reported similar results: Completing an obstacle course with a powered and unpowered
exoskeleton was rated as significantly more cognitively demanding than completing the course
without an exoskeleton. The course involved more complex motor tasks, which is presumably
why the influence of the modified leg mechanics due to the exoskeleton on the perceived cog-

nitive workload is stronger than in the present study.

4.1.5 Conclusion

The present paper suggests an increased cognitive workload during walking with modified leg
mechanics in the early adaptation phase. However, cognitive performance reductions do not
occur in general, but seem to be caused by an interplay of external factors (e.g., complexity of
the motor/cognitive task, task order). The perceived cognitive workload also increases, although
not significantly. The results highlight the relevance of assessing cognitive workload when eval-
uating exoskeletons and other wearable devices. In order to be able to make further statements
about task prioritisation and attention allocation, motor performance must be evaluated in ad-

dition to cognitive performance.”

4.2 Cognitive-motor interference during walking with
modified leg mechanics: A dual-task walking study

The following subsections (4.2.1 Introduction, 4.2.2 Materials and methods, 4.2.3 Results, 4.2.4

Discussion and 4.2.5 Conclusion) are full citations from the publication:

Riedel, N., Herzog, M., Stein, T., & Deml, B. (2024). Cognitive-motor interference during walking
with modified leg mechanics: a dual-task walking study. Frontiers in psychology, 15,

1375029. https://doi.org/10.3389/fpsyg.2024.1375029
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4.2.1 Introduction

“In daily life, we frequently engage in multiple tasks simultaneously. This can lead to impair-
ments when cognitive resources are insufficient to handle these tasks at the same time. In situ-
ations involving both motor and cognitive tasks, this impairment is referred to as cognitive-mo-
tor interference. The analysis of cognitive-motor interference using a dual-task walking
approach is widely used in clinical and epidemiological research (as reviewed in Al-Yahya et al.,
2011; Bayot et al., 2018). This approach has proven effective in revealing aging effects (as re-
viewed in Beurskens & Bock, 2012) and effects due to neurodegenerative diseases such as Par-
kinson’s disease (as reviewed in Kelly et al., 2012) on cognitive and motor performance. How-
ever, this approach could also be useful to evaluate human-exoskeleton interaction. In this
context, studies have either focused on biomechanical and physiological effects (as reviewed in
Pinto-Fernandez et al., 2020) or cognitive effects (Bequette et al., 2020; Upasani & Srinivasan,

2023), but not the combined effects, i.e., the cognitive-motor interference.

According to Yogev-Seligmann et al. (2012), two main factors determine the extent of interfer-
ence and prioritization of tasks in dual-task walking. The first factor postural reserve includes all
individual aspects that ensure postural control and reflects the “capability to respond most ef-
fectively to a postural threat” (Yogev-Seligmann et al., 2012, p. 766). The second factor hazard
estimation refers to the cognitive capability of self-awareness including the estimation of envi-
ronmental hazards and self-limitations. Young healthy adults are assumed to have an intact pos-
tural reserve and hazard estimation, which allows them to concentrate on performing secondary
tasks without impairing their gait performance. However, studies have also shown that interfer-
ence in dual-task walking can also be observed in healthy young subjects (Daniel Hamacher,
Koch, et al., 2019; Patel et al., 2014; Wrightson & Smeeton, 2017). External factors, such as com-
plex environmental influences or challenging motor tasks can demand the postural reserve
(Yogev-Seligmann et al., 2012). This can result in a larger proportion of conscious attention being
allocated to the motor task to maintain a stable gait. Kao and Pierro (2022) investigated cogni-
tive-motor interference during walking with and without continuous treadmill platform sways
and found that participants prioritized the walking task during the perturbed walking condition.
Reiser et al. (2019) found a decrease in the parietal P3 amplitude with increasing movement
complexity in an outdoor environment using mobile electroencephalography. This suggests that

there is a higher cognitive workload associated with increasing movement complexity.
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In the field of dual-task studies, examining gait parameters provides insight into the complex
relationship between motor performance and cognitive demands. Al-Yahya et al. (2011) con-
ducted a meta-analysis that highlighted the effects of dual-tasking on various mean and varia-
bility gait parameters. Gait variability is considered an indicator of motor control (Hausdorff,
2005; Newell & Corcos, 1993). Low variability suggests reliance on automatic processes, whereas
high variability signifies the engagement of attentional resources in motor control. Studies have
linked high gait variability to negative health outcomes, including falls in older adults and various
comorbidities (Pieruccini-Faria et al., 2020). According to Tian et al. (2017), temporal and spatial
gait variability parameters may be associated with brain areas related to sensorimotor integra-
tion and coordination in older adults. The addition of cognitively demanding secondary tasks or
physical perturbations that engage the same brain areas can cause interferences that lead to
changes in gait variability. While some studies report an increase in gait variability among
healthy older adults when faced with a secondary task (as reviewed in Smith et al., 2017), others
demonstrate a decrease (Decker et al., 2016; Daniel Hamacher, Hamacher, et al., 2019; Lovdén
et al., 2008). This divergence in findings is attributed to a shift in attentional focus from walking
to the secondary task, facilitating more automated walking patterns. The Dual-Process Model,
initially proposed by Huxhold et al. (2006) in the context of standing balance control, provides a
framework for understanding these observations. According to this model, simple cognitive
tasks promote an external focus of attention, thereby enhancing automated motion execution
and reducing variability. Conversely, complex cognitive tasks lead to competition for attentional
resources, outweighing the benefits of an external focus and resulting in increased variability.
Thus, a U-shaped relationship emerges between gait variability and cognitive task difficulty, with
variability being high during single-task walking, decreasing with a simple secondary task, and

increasing again with a complex secondary task.

Considering that factors such as physical effort, modified biomechanical structures and the use
of assistive devices are supposed to increase the use of attention-demanding cognitive re-
sources (Clark, 2015), the dual-task walking approach and the Dual-Process Model can provide
valuable insights in the context of human-exoskeleton interaction. Findings are important for
evaluating the current state of cognitive and motor adaptation to a system, as well as to develop
and evaluate appropriate training interventions. In a field study with participants completing an

obstacle course, Bequette et al. (2020) reported slowed reaction times in a visual search task for
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some participants when wearing a powered lower limb exoskeleton. The overall perceived work-
load assessed with the NASA-TLX was significantly higher in powered and unpowered walking
compared to walking without the exoskeleton. Riedel et al. (2023) investigated effects of modi-
fied leg mechanics using weight cuffs attached to both upper and lower legs on cognitive per-
formance and perceived workload during dual-task walking on a treadmill. Participants who
started with the loaded walking condition showed significant performance decrements on a sub-
traction task during loaded but not during unloaded walking. Consistent with Bequette et al.
(2020), physical and mental demand assessed with the NASA-TLX increased during loaded walk-

ing, however not significantly for mental demand.

This study aims to examine the effects of modified leg mechanics on cognitive-motor interfer-
ence in dual-task walking. Riedel et al. (2023) initially analyzed subjective measures and behav-
ioral parameters. However, motion data can also provide valuable information regarding cogni-
tive-motor interference. The present paper analyzed gait variability, as an indicator of motor
control, to investigate its relation to cognitive task difficulty and to determine whether lower
extremity loading modifies this relationship. Additionally, the impact on the gait pattern, as rep-
resented by the mean values of spatio-temporal gait parameters was investigated. Weight cuffs
attached bilaterally to the thighs and shanks manipulated the biomechanics of the musculoskel-
etal system and added complexity to the motor task. According to the Dual-Process Model, it
was hypothesized that loaded walking would exhibit a U-shaped relationship between gait vari-
ability and cognitive task difficulty, unlike unloaded walking (H1a). We predicted that gait varia-
bility would be higher during loaded walking compared to unloaded walking (H1b). Furthermore,
changes were anticipated in the overall gait pattern, as indicated by mean spatio-temporal gait

parameters, due to the weight cuffs (H2a) and the performance of secondary tasks (H2b).

4.2.2 Materials and methods

For the analysis of motor performance under different single and dual-task walking situations, a
2 x 3 within-subject experimental design was employed with two Walking Conditions (unloaded
walking, loaded walking) and three Task Conditions (no secondary task, visual-verbal Stroop test,

serial subtraction task).
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4.2.2.1 Participants

Sixteen healthy young adults participated in the study. Only 15 participants (age:
24.3+3.5years; stature: 1.73+0.09m; body mass: 66+10.1kg; physical activity:
3.2 +0.3 days/week and 183 + 25 min/week) were used for the analysis due to incomplete re-
cording of motion data for one individual. The participants, consisting of eight females and seven
males, were selected from the student population of the Karlsruhe Institute of Technology. In-
dividuals with red-green visual impairment were excluded from the study. This research com-
plied with the American Psychological Association Code of Ethics and was approved by the Ethics
Committee of the Karlsruhe Institute of Technology. All participants provided written informed

consent prior to participation.

4.2.2.2 Apparatus

Participants walked on a treadmill (h/p/cosmos Saturn; Nussdorf-Traunstein, Germany) with
and without weight cuffs bilaterally attached to the thigh and shank (see Figure 9). The total
weight of the four weight cuffs was 9 kg (2.25 kg each), which is typical for lower-limb, gait-
assisting exoskeletons (Bortole et al., 2013). A custom hip belt was designed to secure the weight
cuffs to the thigh. The hip belt was a climbing harness without the leg elements. It consisted of
a padded hip belt with side loops to which two Velcro straps were attached on each side. The
weight cuffs were hooked onto the Velcro straps to prevent them from slipping down during
movement. The Velcro straps could be adjusted in height, ensuring that the lower edge of the
weight cuffs was positioned 10 cm above each participant’s knee joint axis. The weight of pow-
ered exoskeletons is strongly centered on the motors, which are located at the joints. A position
close to the knee joint axis was chosen, which also ensures that movement is not restricted. For
safety, a harness was used to secure participants during treadmill walking. In front of the tread-
mill a 65-inch monitor was mounted at a distance of 240 cm from the participants. The top edge
of the monitor was set at the eye level of each participant. The monitor was used to display the
current task to be performed, including the presentation of the stimuli of the secondary tasks.
Participants were instructed to keep their eyes at the monitor to ensure an upright posture. An
infrared camera system (Vicon Motion Systems; Oxford Metrics Group, Oxford, UK) equipped
with 16 cameras (200 Hz) was employed to capture whole-body movements, using a modified

Master-Motor-Map marker-setup with 56 markers (Mandery et al., 2016).

56



4 Study 1

4.2.2.3 Secondary tasks

A wide variety of cognitive tasks exists that assess different cognitive functions. Al-Yahya et al.
(2011) established a classification based on the type of mental processes required to perform
the task. In this study, two cognitive tasks from different classifications were used: a visual-ver-
bal version of the Stroop test (STR) (Stroop, 1935) as a discrimination task involving response

inhibition and a serial subtraction task (SUB) as a mental tracking task.

STR involved the presentation of a 10 x 10 matrix containing color words (red, blue, green, and
yellow) with incongruent word and color information, which was displayed on the monitor in
front of the treadmill for a duration of 60 s (see Figure 10). To avoid learning effects, there were
five different matrices, which were presented in random order. Participants were instructed to
name the respective font color of the words as quickly as possible and without error. Participants
started in the left top corner and continued column wise to the right. During SUB, a random
three-digit number ranging from 201 to 999 was presented to the participants. They were then
instructed to perform serial subtractions of seven from the presented number continuously for

60s.

Riedel et al. (2023) reported the average score of the mental demand subscale of the NASA-TLX
during unloaded single task walking (Score: 7), dual-task walking with STR (Score: 35) and dual-
task walking with SUB (Score: 49). As these scores were significantly different from each other,

STR is considered the simple secondary task and SUB is considered the difficult secondary task.

4.2.2.4 Procedure

For familiarization, participants first performed each secondary task for 80 s while seated. After-
wards they walked for 6 min on the treadmill according to recommendations by Meyer et al.
(2019), before the preferred gait speed of 1.14 + 0.08 m/s (4.1 + 0.3 km/h) was determined using
the method suggested by Jordan et al. (2007). The determined speed was maintained constant

for all experimental conditions.

The two walking sessions followed in a balanced order, each lasting 12 min in total. One session
involved unloaded walking and one loaded walking. Figure 13 shows the protocol of a walking
session. Both walking sessions started with a 6-min block of single task walking. This first block

was intended to control adaptation processes, especially in the loaded walking session, and to
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ensure that subjects did not have to use cognitive resources to adapt to unfamiliar motor con-
ditions. For example, adaptation to walking with unilateral attached weights is assumed to be
completed after 45 - 50 strides (Noble & Prentice, 2006). This was followed by the first dual-task
walking block for 1 min. To counteract cognitive fatigue, a 2-min block of single task walking
followed before the second dual-task walking block was performed for 1 min. The sessions
ended with another 2-min block of single task walking. The order of secondary tasks’ appearance
has also been counterbalanced. No specific instructions were provided regarding which task to
prioritize during dual-task walking. After the loaded walking session, an additional 18-min ses-
sion followed, which was used to investigate (re-)adaptation processes. However, this session is
not relevant for this paper. After the walking sessions, the secondary tasks were again per-

formed while seated and served as control conditions.

. . Dual-task Single task Dual-task Single task
Single task walking . . " .
walking walking walking walking
(6 minutes) (1 minute) (2 minutes) (1 minute) (2 minutes)

Figure 13. Schematic illustration of the protocol of a walking session. The same protocol was performed with and
without weight cuffs. (Riedel et al., 2024)

4.2.2.5 Data processing and statistical analysis

The motion data was post-processed using Vicon Nexus 2.14.0 and Matlab R2023a (The Math-
Works, Natick, MA, United States). The marker trajectories were smoothed in Matlab using a
6 Hz fourth order Butterworth low-pass filter (Gordon & Ferris, 2007). In each trial, the first and
last 5 s were then cut off and the first 30 strides were extracted from the remaining section for
the calculation of the mean values and coefficients of variation (CV) of step length, step width,
stride time, and double support time. For single task walking, the last minute of the first 6-min
block was considered for analysis. Segmentation of strides was performed according to Noble
and Prentice (2006). The step length was determined as the anterior-posterior distance between
the right and left heel markers at each heel contact. The step width was calculated using the
medio-lateral distance between the right and left heel markers at each heel contact. The time
between ipsilateral heel contacts represents the stride time, while the time at which both feet
are in contact with the ground represents the double support time. The reliability of gait varia-
bility parameters is an ongoing discussion in the literature. Recommendations for the minimum

number of strides to capture to reliably assess variability vary widely between six strides (Lord
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et al., 2011) up to more than a hundred strides (Hollman et al., 2010). Here, within-session reli-
ability was assessed with the intraclass correlation coefficients (ICC) of all mean values and CV
for single task walking (see Table 3). ICC values and their corresponding 95% confidence intervals
were derived using a mean-rating (k = 3), absolute-agreement, 2-way mixed-effects model. Re-
liability values below 0.5 indicate poor reliability, values between 0.5 and 0.75 suggest moderate
reliability, values between 0.75 and 0.9 indicate good reliability, while values greater than 0.90
indicate excellent reliability (Koo & Li, 2016).

Table 3. Intraclass correlation coefficients (ICC) of coefficients of variation (CV) and mean values of gait param-
eters.

Loaded walking

Unloaded walking

cv

Step length

Step width

Stride time

Double support time
Mean values

Step length

Step width

Stride time

Double support time

0.866 [0.687, 0.951]
0.933[0.824, 0.976]
0.837[0.618, 0.941]
0.924 [0.818, 0.972]

0.978 [0.947, 0.992]
0.983 [0.949, 0.994]
0.986 [0.966, 0.995]
0.992 [0.981, 0.997]

0.857 [0.658, 0.948]
0.941 [0.823, 0.980]
0.675 [0.213, 0.883]
0.618 [0.153, 0.856]

0.997 [0.993, 0.999]
0.984 [0.962, 0.994]
0.995 [0.989, 0.998]
0.997 [0.992, 0.999]

ICC and their corresponding 95% confidence intervals were derived using a mean-rating (k = 3), absolute-agree-
ment, 2-way mixed-effects model. Values represent ICC of gait parameters during single task walking. The 95%
confidence interval are presented in parentheses.

Data were tested for normal distribution using the Kolmogorov-Smirnov test. In contrast to the
mean values, some CV showed a skewed, non-normal distribution. Since repeated measures
ANOVAs (rmANOVA) are considered robust to violations of the normal distribution if the sphe-
ricity assumption is met (Blanca et al., 2023; Schmider et al., 2010) and transformations have
considerable shortcomings (Blanca et al., 2017; Feng et al., 2014) parametric models were ap-
plied to the original data. The assumption of sphericity was tested with the Mauchly test, and in
cases of violation, degrees of freedom were adjusted using the Greenhouse-Geisser correction.
The significance level for all statistical analyses was set a priori at a = 0.05 and post hoc pairwise

comparisons were Bonferroni corrected. Effect sizes are reported as partial eta squares (1112,).
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Values between 0.01 and 0.06 indicate a small effect, values between 0.06 and 0.14 indicate a
medium effect, and values above 0.14 indicate a large effect (Cohen, 1988). Two 2x3-rmANOVAs
for each gait parameter with within-factors Walking Condition (unloaded walking, loaded walk-
ing) and Task Condition (no secondary task, STR, SUB) were conducted to test differences in CV
and mean values. The statistical analysis was performed using SPSS Statistics 28.0 (IBM, Armonk,

NY, United States).

4.2.3 Results

4.2.3.1 Variability of gait parameters

The 2 x 3-rmANOVA revealed that there was not a statistically significant interaction between
Walking Condition and Task Condition for all gait variability parameters: Step length (F [1.31,
18.21]=1.37, p=0.268, nf, =0.09), step width (F[2, 28] =1.19, p=0.319, nf, =0.08), stride time
(F[2,28]=0.51, p=0.608, 1],2J = 0.04) and double support time (F [2, 28] = 1.03, p =0.369, n% =
0.07). Itis important to note, that in this case step length variability violated normal distribution

and sphericity assumption.

A significant main effect of Walking Condition on CV of step length (F [1, 14] =5.67, p <0.032,
n?, = 0.29) was found. Step length variability increased during loaded walking (see Figure 14;
Table 4). No significant main effects of Walking Condition were found for stride time (F [1,
14] = 4.06, p < 0.064, 0, = 0.23), double support time (F [1, 14] = 2.83, p = 0.115, n3 = 0.17) and
step width (F [1, 14] =0.12, p =0.736, nf, < 0.01). However, variability in stride time and double
support time showed statistical trends that also indicate an increase in variability during loaded

walking, supporting hypothesis H1lb.

There was a significant main effect of Task Condition on double support time variability (F [2,
28] =4.31, p=0.023, nf, = 0.24). Bonferroni-corrected post-hoc analysis revealed a statistical
trend for differences from single task (ST) to STR (MDiff = 0.62, 95%-CI [-0.03, 1.28], p = 0.066).
Inspection of Figure 14 suggests that variability in double support time is lower when walking
while performing the STR task compared to single task walking. As hypothesized (H1a) variability
increased again during SUB for loaded, but not unloaded walking, leading to a U-shaped curve.
Variability in double support time was not significantly different from ST to SUB (MDiff =0.37,
95%-Cl [-0.29, 1.03], p=0.455) and from STR to SUB (MDiff =-0.25, 95%-CI [-0.62, 0.12],
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p =0.255). There were no significant main effects of Task Condition on CV of step length (F [2,
28] =0.06, p=0.943, nf, <0.01), step width (F [2, 28] =0.74, p=0.486, nzz, = 0.05) and step time
(F[2,28]=0.35,p=0.707, n,z, =0.02).

Table 4. Coefficients of variation and mean values of gait parameters for each experimental condition.

Loaded walking Unloaded walking
Single task Dual-task  Dual-task Single task Dual-task  Dual-task
(STR) (SUB) (STR) (SUB)
cv
Step length (%) 2.6 (0.7) 2.5(0.8) 2.7 (1.3) 2.3(0.7) 2.3(0.9) 2.1(0.7)
Step width (%) 25.0(10.0) 24.5(10.1) 26.7(12.0) 25.4(11.3) 27.7(17.4) 26.5(12.3)
Stride time (%) 1.3(0.4) 1.2 (0.3) 1.3 (0.6) 1.1(0.2) 1.1 (0.4) 1.1(0.3)

'tjir‘:]”eb(';;”pport 38(1.6) 3.1(0.8) 35(12) 3.4(L1) 28(0.6)  2.9(0.6)
Mean values
Step length (mm)  631(37)  632(38)  631(35) 604(41) 603(43) 604 (41)
Step width (mm) 102(28)  101(27) 100(27)  87(2.4)  90(26)  92(27)

Stride time (ms) 1208 (83) 1203 (65) 1201(63) 1147(67) 1142(57) 1148 (54)

Double support

time (ms) 356 (10) 354 (9) 354 (8) 377 (9) 372 (8) 373 (8)

Values represent group mean (standard deviation). STR = Stroop-Test; SUB = Subtraction-Task; CV = Coefficient of Varia-
tion.
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Figure 14. Coefficients of variation (CV) of (A) step length, (B) stride time, (C) step width, and (D) double support
time for loaded and unloaded walking during single task walking (ST), dual-task walking with the Stroop
test (STR) and dual-task walking with the subtraction task (SUB). Bars indicate standard errors. (Riedel
et al., 2024)

4.2.3.2 Mean values of gait parameters

The interaction between Walking Condition and Task Condition was not significant for all mean
gait parameters: Step length (F [2, 28]=0.39, p=0.683, n% = 0.03), step width (F [1.35,
18.84] =2.21, p=0.149, 17 = 0.14), stride time (F [2, 28] = 1.09, p = 0.349, 117 = 0.07) and double

support time (F [2, 28] =0.91, p =414, 11;2; = 0.06).

The 2 x 3-rmANOVA showed significant main effects of Walking Condition on mean values of
step length (F [1, 14] =98.49, p < 0.001, nf, =0.88), stride time (F [1, 14] = 65.56, p < 0.001, T]IZ; =
0.82), step width (F [1, 14]=4.72, p=0.047, nf, = 0.25) and double support time (F [1,
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14] =30.60, p <0.001, nf, = 0.69). In line with hypothesis H2a, loaded walking resulted in in-
creased step length, step width, and stride time, while decreasing double support time com-

pared to unloaded walking (see Figure 15; Table 4).

There were no significant main effects of Task Condition on mean values of step length (F [1.40,
19.53]=0.06, p=0.888, nf, <0.01), step width (F [2, 28] =0.29, p = 0.754, nf, =0.02), stride time
(F [1.29, 18.01]=0.27, p=0.670, nf, = 0.02) and double support time (F [1.26, 17.68] = 1.45,

p=0.251, n% = 0.09). This means that hypothesis H2b cannot be confirmed.
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Figure 15. Mean values of (A) step length, (B) stride time, (C) step width, and (D) double support time for loaded
and unloaded walking during single task walking (ST), dual-task walking with the Stroop-Test (STR) and
dual-task walking with the Subtraction-Task (SUB). Bars indicate standard errors. (Riedel et al., 2024)

4.2.4 Discussion

This study aimed to examine the effects of modified leg mechanics on cognitive-motor interfer-
ence in dual-task walking. For this purpose, a within-subject experimental design was employed.

Participants walked on a treadmill with and without weight cuffs bilaterally attached to their
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thighs and shanks under different cognitive demand levels. The study investigated the effects of
physical load (weight cuffs) and cognitive load (secondary tasks) on variability, as a measure of
motor control, and mean values of step length, stride time, step width and double support time.
The study found that walking with modified leg mechanics in challenging dual-task situations
could lead to an increase in cognitive-motor interference. Additionally, participants seemed to
prioritize maintaining their posture over the cognitive task in challenging dual-task situations

during walking with modified leg mechanics.

4.2.4.1 Dual-process account observed for double support time variability during loaded

walking

Literature supports a dual-process account in dual-task walking (Decker et al., 2016; Lovdén et
al., 2008; Verrel et al., 2009). Accordingly, simple secondary tasks seem to promote an external
focus of attention resulting in reduced gait variability compared to single-task walking. Con-
versely, complex secondary tasks lead to a competition for cognitive resources, potentially re-
sulting in increased gait variability (U-shaped relationship). The model also proposes that the
interplay between external focus and resource competition is influenced by age. The hypothesis
was that modified leg mechanics demands the postural reserve to a similar extent as aging. In
the conducted study, participants rated the Stroop test (STR) as less mentally demanding than
the subtraction task (SUB) (Riedel et al., 2023). Consequently, it was anticipated that variability
would decrease for the STR task (which involves an external focus of attention) and increase for

the SUB task (where cognitive resource competition occurs) during loaded walking (H1a).

However, this was solely evident in the case of double support time (DST) variability (see Figure
14). The other variability parameters showed a similar pattern resembling a U-shaped curve, yet
lacked significant effects. DST variability decreased from single task walking to walking while
concurrently performing the STR task, both for unloaded and loaded walking, indicating an ex-
ternalized focus of attention. Conversely, in the more cognitively demanding SUB task, DST var-
iability continued to be lower for unloaded walking, but increased for loaded walking. This ob-
servation suggests that competition for cognitive resources outweighs the benefits of an
external attentional focus when walking with weight cuffs in cognitively demanding situations.
Lovdén et al. (2008) observed that the beneficial effect of an external focus of attention persists
among young, healthy adults even when confronted with complex secondary tasks. However,

this did not hold true for older adults. Decker et al. (2016) reported similar results regarding step
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length and step time. For step width, they identified a U-shaped pattern in both younger and
older adults. This implies that increased cognitive demand influences balance control in individ-
uals of all ages, while affecting the regulation of rhythmic step patterns exclusively in older
adults. Like step width, DST is related to balance control (Gabell & Nayak, 1984). Therefore, the
results of the present study imply that increased cognitive demands during loaded dual-task
walking primarily impact balance control in healthy young adults. However, step width did not

show the expected pattern.

Regardless of the cognitive demand, variability in step length was higher during loaded walking
than during unloaded walking. This supports hypothesis H1b. Modified leg mechanics seem to
influence gait variability to a similar extent as age-related effects. For instance, Decker et al.
(2016) reported that older adults demonstrated increased variability in step length and step time

than younger adults.

4.2.4.2 Mental tracking rather than inhibitory control interferes with motor control

The results also suggest that mental tracking, rather than inhibitory control, may interfere with
motor control during loaded walking. This is in line with the findings of Kao and Pierro (2022).
Tasks requiring memorization of information while simultaneously engaging in internal mental
processes, such as serial subtraction, have a greater interference effect on gait performance.
Such mental tracking tasks are suggested to engage neural networks that overlap with those
involved in locomotion (Al-Yahya et al., 2011). Specifically, the prefrontal cortex has been impli-
cated in both locomotion and dual-tasking (Dennis Hamacher et al., 2015; Holtzer et al., 2011).
However, contrasting findings exist. Serial subtraction did not consistently yield the greatest
cognitive-motor interferences in studies involving different cognitive tasks (Bartolo et al., 2021;
Patel et al., 2014). Patel et al. (2014) observed that performing a Stroop test resulted in more
interference with walking at preferred speed compared to a serial subtraction task, a word list
generation task, and a simple reaction time task. Zoccatelli et al. (2010) demonstrated that the
Stroop test activates several brain regions, including the dorsolateral prefrontal cortex and the
anterior cingulate cortex. According to Patel et al. (2014), the neural activation pattern in the
Stroop test indicates that it requires more processing resources than the other tasks studied.
This contrasts with the subjective ratings of the cognitive demands of the participants in the
present study. Explanations for the differing findings could be task-specific factors. The SUB task

in this study, involving the subtraction of sevens from a random three digit number, may have
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been more complex than in the study by Patel et al. (2014), requiring more cognitive resources.
Furthermore, in the visual-verbal STR task, participants had to focus on the monitor in front of
the treadmill on which the stimulus was presented, while in the SUB task, participants had the
flexibility to shift their visual focus away from the monitor despite instructions to the contrary.
To focus on the letters of the stimuli in the STR task participants had to stabilize themselves
potentially leading to reduced variability. This aligns with the Supra Postural Task Model (Stof-
fregen et al., 2000), which could offer an alternative explanation for the reduced variability dur-

ing dual-task walking.

4.2.4.3 Shift to a posture first strategy during demanding dual-task situations

From the perspective of the Task Prioritization Framework proposed by Yogev-Seligmann et al.
(2012), the shift of attention to the cognitive task (external focus) can be interpreted as the
adoption of a “posture second” strategy. However, during loaded walking while performing the
SUB task the positive impact of an external focus was nullified. This suggests a reallocation of
attentional resources toward the motor task, indicating a shift toward a “posture first” strategy.
Such a strategy is adopted when hazards are detected, aiming to stabilize walking and to prevent
injuries (Shumway-Cook et al., 1997). Nonetheless, the extent of perceived postural threat in-
fluences the amount of attentional resources allocated to the motor task (Yogev-Seligmann et
al., 2012). Riedel et al. (2023) reported that during loaded walking, participants who initiated
with loaded walking experienced a substantial reduction in cognitive performance for the SUB
task (i.e., fewer subtractions per period). In contrast, those who initiated with unloaded walking
showed a slight improvement in cognitive performance during loaded walking. Starting with the
dual-task conditions involving the simple motor task (unloaded walking) allowed participants
some time to become familiar with the dual-task conditions involving the challenging motor task
(loaded walking). It appears that these participants perceived the postural threat as less severe
compared to those who initiated with loaded walking. Consequently, they allocated fewer at-
tentional resources to the motor task. For both participant groups the shift toward a “posture
first” strategy was successful, as evidenced by the fact that DST variability did not surpass the
levels observed in the single-task condition. Decker et al. (2016) and Lévdén et al. (2008) re-
ported similar observations. However, it seems that in contrast to the participants who initiated
with unloaded walking, the participants who initiated with loaded walking did not have sufficient
cognitive resources left to perform the SUB task, which led to the observed cognitive perfor-

mance decrements (Riedel et al., 2023). Consistent with this, prior research has shown that
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when confronted with more complex motor tasks, such as responding to unexpected perturba-
tions (Mersmann et al., 2013) or adapting to asymmetric split-belt conditions (Hinton et al.,

2020), healthy young adults prioritize maintaining their posture as their primary strategy.

Interestingly, this pattern was not observed during unloaded walking, suggesting that modifica-
tions in leg mechanics increase the postural threat and demand the postural reserve of healthy
young adults. However, the results also suggest that familiarization alters the perceived threat
and thus the amount of cognitive resources allocated to the motor task. Further studies are
needed to investigate the time for familiarization with modified leg mechanics or powered exo-

skeletons, which is crucial for the design of effective training interventions.

4.2.4.4 Gait pattern influenced by modified leg mechanics but not secondary tasks

Weight cuffs attached to the legs not only increase metabolic rate (Royer & Martin, 2005) but
also shift the center of mass of the leg segments and change the overall moment of inertia of
the leg (Browning et al., 2007). In this study, participants showed increased step length, step
width, and stride time, while double support time decreased, which provides support for hy-
pothesis H2a. However, the present findings challenge the established paradigm of the inverted
pendulum hypothesis, which posits that during the stance phase of gait, the human body exhib-
its behavior analogous to an inverted pendulum, with the body’s center of mass oscillating over
the supporting foot akin to a pendulum. This hypothesis suggests that alterations in gait primar-
ily arise from variations in segment length rather than changes in mass. For example, losa et al.
(2016) demonstrated significant modification of the gait ratio through artificial extension of the
lower leg segment, while the addition of 1 kg weights to the lower legs did not yield significant
modifications. Similarly to the present study, Browning et al. (2007) observed an increase in
stride length and swing time when using foot weights of 4 kg and 8 kg. These weights likely af-
fected the center of mass and inertia properties of body segments, potentially contributing to
the observed changes in gait pattern, which are expected to occur mainly during the swing
phase. Due to the changed moment of inertia, the leg swings further forward, resulting in an
extended step length and stride time. The double support time decreased, indicating an ex-
tended swing time and single-leg stance, which could pose higher demands on balance control.
A wider step width was presumably adopted to increase the base of support as a possible stabi-

lizing strategy. However, it is also conceivable that the weight cuffs imposed physical constraints
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on the participants, causing them to increase their step width. Browning et al. (2007) also sug-
gest a shift in strategy with higher weights, prioritizing foot control over energy conservation, as
a possible explanation. This implies a reevaluation of the mechanisms underlying locomotor con-
trol under varying loads or modified leg mechanics, as it may be the case when wearing an exo-
skeleton. Jin et al. (2017) reported similar effects. The authors investigated the impact of added
masses on walking using pelvic, thigh, and shank cuffs. They found that the weight and inertia
of an exoskeleton led to an increased step length, a reduction in step height, and a decreased
maximum knee flexion. A comparison of the different loading conditions was made between
normal walking and walking with a powered lower limb exoskeleton, revealing that active sup-
port could only partially restore normal walking parameters. Specifically, gait parameters pri-

marily affected by inertia such as step length could not be restored.

Contrary to the hypothesis H2b, increased cognitive load did not affect mean gait parameters,
aligning with findings from Szturm et al. (2013). In a study involving dual-task treadmill walking,
the mean values for step time, swing time, and double support time showed no statistically sig-
nificant differences between single-task and dual-task walking conditions. However, variability
measures increased during dual-task walking. It is plausible that in the context of treadmill-
based dual-task walking, the mechanical support provided by the treadmill serves as a regulating

mechanism, ensuring the stability of the gait pattern (Wrightson et al., 2020).

4.2.4.5 Limitations

Effects due to increased cognitive demand often showed no significance in gait parameters. It is
possible that the postural reserve of healthy young adults is high enough so that only a small
part of attention needs to be allocated to the motor task, even during loaded walking. This could
be promoted by the chosen methodology as studies found that treadmill walking increases au-
tomaticity (Baek et al., 2023) and enhances cognitive performance (Penati et al., 2020) com-
pared to overground walking. Thumm et al. (2018) reported that in people with Parkinson’s dis-
ease, prefrontal cortex activity was lower when walking on a treadmill than when walking on
the ground. Therefore, the generalizability of the results on overground walking is limited
(Wrightson et al., 2020). By keeping the gait velocity constant, the consistent strategy of reduc-
ing gait velocity during dual-task overground walking (Al-Yahya et al., 2011) was prevented.
However, it is essential to note that treadmill walking facilitates the collection of a larger number

of steps, thus improving the reliability of variability parameters—a well-documented issue in
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clinical research (Hollman et al., 2010). In this study, 30 strides per condition were analyzed and
most parameters showed at least moderate to excellent reliability, while only two parameters
showed poor to good reliability (see Table 3). Furthermore, to ensure reliable assessment of
performance in the secondary tasks, this study necessitated continuous walking, which would
not have been feasible with short overground trials of 5 - 10 m. However, future studies should
prioritize overground walking studies to ensure the transferability of the results to real life. Fur-
thermore, it is important to investigate normalized gait parameters to enhance comparability
between studies. Additionally, the secondary tasks used in this study demand different cognitive
functions, such as mental tracking in the SUB task and inhibitory control in the STR task (Bayot
et al., 2018). For future investigations into cognitive-motor interference, it is recommended to
employ secondary tasks that allow for parametric manipulation of cognitive demands, such as
the n-back task (Conway et al., 2005). The n-back task requires participants to determine if each
stimulus in a sequence matches the one that appeared n items before. As n increases, the task
becomes progressively more challenging. The general task remains unchanged, ensuring con-
sistent assessment of the same cognitive function. Another limitation to consider is the moder-
ate sample size (n = 15) in this study. Individual outliers caused greater and overlapping variance
in the data, as demonstrated in Figure 14. However, these outliers were not excluded from the
analysis, as the extreme values were not caused by measurement errors but rather corre-

sponded to the natural behavior of these individuals.

4.2.5 Conclusion

The findings of the study show that walking with modified leg mechanics could increase cogni-
tive-motor interference for healthy young adults in challenging dual-task situations. In challeng-
ing dual-task situations, effects of cognitive resource competition outweighed the benefits of an
external attentional focus during walking with modified leg mechanics. Interestingly, this pat-
tern was not observed during normal walking, suggesting that modifications in leg mechanics
increase the postural threat and demand the postural reserve of healthy young adults. However,
the results also suggest that familiarization can alter the perceived threat and thus the amount
of cognitive resources allocated to the motor task. In this study, physical effort and biomechan-
ics were passively manipulated using weight cuffs, with both factors known to affect automated
walking (Clark, 2015). In contrast to the passive weight cuffs, powered lower limb exoskeletons

could compensate for the physical effort (Jin et al., 2017), but controlling the exoskeleton can
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add cognitive demands and thus deteriorate automated walking. The methodology employed in
this study can serve as a conceptual framework for exploring the mechanisms underlying cogni-

tive-motor interference in the domain of human-exoskeleton interaction.”
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Building on the findings of Study 1, which examined the effects of passively modified leg me-
chanics using weight cuffs in a controlled treadmill setting, Study 2 employed a powered exo-
skeleton in an outdoor, overground walking experiment with twenty healthy young adults. Par-
ticipants performed a serial subtraction task while walking, both unassisted and while wearing
the powered lower-limb exoskeleton TWIN (Laffranchi et al., 2021). Cognitive and motor perfor-
mance, along with perceived workload, were measured and compared across conditions and
over time to evaluate the effects of short-term adaptation. The TWIN exoskeleton operates un-
der full position control, executing predefined movement trajectories without adapting to the
user’s intentions. The control unit receives only the trunk’s inclination angle as input from the
user. A slight forward inclination of the trunk serves as the trigger for initiating the step se-
guence. Accordingly, the conceptual framework from Figure 5 was adapted in Figure 16 to re-

flect the static nature of the control unit.
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Figure 16. Conceptual framework adapted to the methodology of Study 2.

Data from this study contributed to two publications. The first examined cognitive and motor
performance, as well as perceived workload, across experimental conditions and over time (see
Section 5.1). The second publication integrated data of both Study 1 and Study 2 to explore the
applicability of the performance operating characteristics (POC) framework in the context of

human-exoskeleton interaction (see Section 5.2).
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5.1 An outdoor dual-task study on cognitive-motor
interference during exoskeleton-assisted walking

The following subsections (5.1.1 Introduction, 5.1.2 Materials and methods, 5.1.3 Results, 5.1.4

Discussion and 5.1.5 Conclusion) are full citations from the publication:

Riedel, N., Marinou, G., Mombaur, K., & Deml, B. (2025). An outdoor dual-task study on cogni-
tive-motor interference during exoskeleton-assisted walking. Frontiers in Psychology,

16, 1583142. https://doi.org/10.3389/fpsyg.2025.1583142

5.1.1 Introduction

“In recent years, the integration of lower-limb exoskeletons as walking assistance devices has
opened new avenues for enhancing mobility. Given the demographic shift toward an aging pop-
ulation, exoskeletons offer a promising solution to help the elderly maintain autonomy and in-
dependence in their everyday life (Kapsalyamov et al., 2019). Although lower-limb exoskeletons
are currently available for use in controlled clinical and laboratory settings, their application in
real-world environments remains a work in progress (Sawicki et al., 2020). Current performance
evaluations of lower-limb exoskeletons predominantly focus on biomechanical and physiological
parameters, often neglecting the cognitive aspects of the interaction (Pinto-Fernandez et al.,
2020). However, Stirling et al. (2020) emphasize the importance of evaluating the cognitive fit
in addition to the static and dynamic fit of an exoskeleton to ensure that the cognitive abilities
necessary for other relevant tasks are fully available even when using an exoskeleton. Therefore,
in addition to the technical challenges that have been identified (e.g., Di Shi et al., 2019; Kapsal-
yamov et al., 2019), the cognitive-motor interferences that arise from human-exoskeleton in-

teraction remain a critical area of investigation.

Dual-task walking paradigms are an established approach to investigate cognitive-motor inter-
ference, particularly in clinical and epidemiological research (Al-Yahya et al., 2011; Beurskens &
Bock, 2012; Kelly et al., 2012). In dual-task scenarios, limited cognitive resources can lead to
performance declines in one or both tasks, influenced by individual characteristics and task com-
plexity (Yogev-Seligmann et al., 2012). For instance, healthy young adults can allocate attention

to a secondary task while maintaining a stable gait due to their high postural reserve. The pos-
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tural reserve is defined as the capacity to respond optimally to a postural threat (Yogev-Selig-
mann et al., 2012). In contrast, elderly individuals, due to age-related cognitive decline, need to
allocate more attentional resources to the motor task (Yogev-Seligmann et al., 2012). A motor
task with increased balance control requirements, such as walking with an exoskeleton, may be
perceived as a postural threat. Such complex motor tasks may cause attentional resources to be
allocated to the motor task at the expense of the cognitive task, even in healthy young adults
(Bequette et al., 2020; Hinton et al., 2020; Kao & Pierro, 2022; Mersmann et al., 2013; Reiser et
al., 2019; Riedel et al., 2024).

To assess cognitive-motor interference and task prioritization, it is necessary to quantify both
cognitive performance and motor performance using a multimodal approach. Cognitive perfor-
mance is often measured using behavioral parameters like secondary task performance,
whereas motor performance in dual-task walking studies is mainly evaluated through various
gait parameters. Gait velocity is the most common parameter for assessing motor performance.
Individuals generally slow down when a secondary task is introduced, especially if it involves
complex neural networks that are interconnected with motor control, like mental tracking (Al-
Yahya et al.,, 2011). Another key indicator of motor control is stride-to-stride variability
(Hausdorff, 2005). Low variability indicates the reliance on automatic processes, while high var-

iability suggests the engagement of attentional resources in motor control.

Powered lower-limb exoskeletons typically feature rigid segments and active joints, which can
restrict the range of motion and modify mass and inertia distribution (Jin et al., 2017). It has
been hypothesized that walking with an exoskeleton requires increased attentional resources
to generate the appropriate muscle recruitment patterns necessary for maintaining a stable gait
(Andrade et al., 2024). Additionally, imprecise application of active support can disrupt natural
motion execution, requiring simultaneous control of both the device and the user's own motion,
thereby increasing cognitive load (Clark, 2015) and physical load in terms of fatigue and meta-
bolic costs (Stirling et al., 2020). Bequette et al. (2020) found that wearing a powered lower-limb
exoskeleton led to slower reaction times in a visual search task for some participants. Moreover,
the perceived workload, as measured by the NASA-TLX, was significantly higher during both

powered and unpowered walking compared to walking without the exoskeleton.

This study employed the powered lower-limb exoskeleton TWIN (Laffranchi et al., 2021) (see

Figure 17) to investigate cognitive-motor interference and short-term familiarization effects in
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an outdoor dual-task walking experiment with a cohort of healthy young adults. The TWIN uti-
lizes position control with predefined gait trajectories, requiring users to synchronize their
movements with the exoskeleton. The primary hypothesis (H1) of this study postulates that cog-
nitive-motor interference increases during exoskeleton-assisted walking compared to unas-
sisted walking, resulting in decreased cognitive performance, motor performance, or both. Ad-
ditionally, it was hypothesized that perceived mental and physical workload increase. However,
research on adaptation to exoskeleton walking has shown improved muscle recruitment pat-
terns (Gordon & Ferris, 2007; Jacobs et al., 2018) and significant reductions in energy costs
(Poggensee & Collins, 2021). Clark (2015) provides evidence that excessive physical exertion re-
quires more cognitive resources. This suggests that greater alignment with the exoskeleton's
assistance may result in a reduction in cognitive demands. The secondary hypothesis (H2) pre-
dicted that short-term, within-session familiarization during exoskeleton-assisted walking im-
proves both cognitive and motor performance and decreases perceived workload. The investi-
gation of familiarization with lower-limb exoskeletons is extended through a complementary
study by Marinou et al. (manuscript in preparation), where biomechanical metrics are estab-
lished as familiarization indicators, quantifying familiarization through single and dual task con-
ditions by systematically measuring variables such as stride duration, crutch ground reaction
forces and foot center of pressure. Together, these studies enhance the understanding of famil-
iarization by integrating both cognitive and biomechanical insights, thereby advancing research

on the broader impacts of exoskeleton use on human performance.

5.1.2 Materials and methods

5.1.2.1 Participants

Twenty healthy young adults (age: 25.3 + 4.1 years; stature: 1.73 £ 0.10 m; body mass: 69 + 12.1
kg; 10 female, 10 male) participated in the study. The participants were students at the Karlsruhe
Institute of Technology (KIT). Participants had to be between 1.55 and 1.90 m tall and weigh <
100 kg so that the exoskeleton could be adjusted accordingly. This research was conducted in
accordance with the American Psychological Association Code of Ethics and received approval
from the KIT-Ethics Committee. Prior to participation, all subjects provided written informed

consent.
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5.1.2.2 Apparatus

Data collection took place at the KIT sports facilities on a 25 m track in a covered open-air hall.
During the walking sessions, the powered lower-limb exoskeleton TWIN was used, along with a

measurement system that included various inertial, force, and pressure sensors (see Figure 17).

TWIN exoskeleton Measurement system

Battery & g f otz Central processing unit
Control unit ——— . *

Pelvis-IMU (Noraxon)
Pelvis segment oAt
Recording device & clip-on
microphone

Hip motor (visible only from the front)

Sensor units (load cell, IMU)

Thigh-IMU (Noraxon)
Thigh segment
Instrumented crutch

Knee motor

Shank-IMU (Noraxon)

Load cell

Shank segment Force-sensitive resistors

(3D-printed insoles) &
Foot-IMU (Noraxon)

Shoe Sensor unit (FSR, IMU)

Figure 17. (A) TWIN lower-limb exoskeleton (adapted from Semprini et al., 2022), (B) setup of the TWIN exoskel-
eton and the measurement system. FSR, force sensitive resistor; IMU, inertial measurement unit.
(Riedel et al., 2025)

5.1.2.2.1 TWIN exoskeleton

The TWIN was developed at the IIT-INAIL Rehab Technologies Lab with the primary objective of
assisting the ambulation of spinal cord injury patients. It was designed to operate in full position
control, generating predefined movement trajectories that can be modified based on gait pa-
rameter inputs by the operator (Vassallo et al., 2020). Based on Vassallo et al. (2020), a prede-
termined trajectory (T3) is incorporated in the TWIN's high-level control, chosen based on the
merits of joint angle minimization during walking as to maximize user comfort, and heel-strike
phase accentuation to avoid stumbling during gait, thus increasing system stability. The modular
structure of the TWIN comprises four actuated joints at the hips and knees and five rigid com-
ponents at the pelvis, as well as right and left components for the thighs and shanks with padded
braces. The rigid components are available in different sizes, allowing for individual anthropo-
metrical fitting of the exoskeleton. The controller and batteries are located at the lower back.
While the exoskeleton provides rigid support, the hip and knee joints allow for minor ranges of

motion for internal and external rotations. Additionally, the ankle joint incorporates a variable
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elastic element to accommodate variations in dorsiflexion and extension. Consequently, despite

the predefined joint trajectories, the user can introduce within-step variability.

The gait parameters for the trajectory generation can be controlled through a mobile device
using a custom app. TWIN can operate in two walking modes: manual and automatic. In manual
mode, an external person triggers each step via the app. In automatic mode, an inertial meas-
urement unit (IMU) located at the back element of the TWIN initiates a step sequence upon
detecting a slight forward shift of the trunk. The sequence continues until the user returns to an
upright position, with the final step safely bringing the feet together. Since the range of motion
is primarily restricted to the sagittal plane (flexion-extension), this can challenge both static and

dynamic balance, necessitating the use of forearm crutches.

5.1.2.2.2 Measurement System

Kinematics were assessed at 200 Hz using a Noraxon Ultium Motion IMU system with
MyoResearch 3.20.40 software, incorporating seven IMUs at the feet, shanks, thighs, and pelvis
(Noraxon U.S.A. Inc., Scottsdale, AZ). Following the instructions provided by Noraxon, lower-
limb sensors were affixed to a Velcro strap that was fastened around the corresponding body
segment. The pelvis sensor was attached directly to the skin via an adhesive. In order to capture
the participant's responses in the secondary task for the analysis of the cognitive performance,
a recording device (Sony, model: ICDUX570) with a clip-on microphone (Phillips, model:

LFH9173/00) was used.

The crutches used in this study were instrumented with load cells and IMUs. Additionally, force-
sensitive resistors within a 3D-printed insole were placed in the exoskeleton shoes (Marinou et
al., 2025). The data collected from these sensors helped generate the biomechanical metrics
used as familiarization indicators in the parallel study by Marinou et al. (manuscript in prepara-

tion).

5.1.2.3 Procedure

The study involved two separate appointments. During the initial preparation appointment, par-
ticipants provided written informed consent and anthropometric measurements were taken to
ensure the exoskeleton was individually fitted. Participants received detailed instructions on
how to use the exoskeleton and crutches before taking a maximum of five steps with the exo-

skeleton in manual mode, limiting familiarization effects prior to data collection.
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Data collection during the second appointment took place at least 14 days after the initial ap-
pointment. The exoskeleton and the instrumented crutches were preadjusted based on the
measured individual anthropometric parameters. The procedure at the second appointment is

illustrated schematically in Figure 18.

Control 01 - Subtraction task while seated (2 x 60 sec)

Preparation of walking sessions

Walking sessions - Counterbalanced order (unassisted & exoskeleton-assisted walking)

Single Task 01 Single Task 02 Brean Dual Task 01 Dual Task 02 break Dual Task 03 Single Task 03
(sT01) (5T02) (DT02) (DT02) =d (DT03) (sT03)

Block 1 Block 2 Block 3

() @ break / preparation

Single Task 01 Single Task 02 Breo Dual Task 01 Dual Task 02 break Dual Task 03 Single Task 03
(sT01) (5T02) (DTO1) (DTO2) i=a (DTO3) (sT03)

Block 1 Block 2 Block 3

Control 02 - Subtraction task while seated (2 x 60 sec)

Figure 18. Experimental procedure at the second appointment. (Riedel et al., 2025)

The cognitive task was initially performed while seated to allow for familiarization with the task.
Participants performed a serial subtraction task in which they were given a random three-digit
number between 301 and 999 and instructed to subtract 7 repeatedly as quickly and accurately
as possible. Participants performed two trials, each lasting 60 s (Control 01). After each trial,
participants rated their perceived mental and physical workload using the respective NASA-TLX

subscales (Hart & Staveland, 1988).

Noraxon IMUs were attached and calibrated dynamically in accordance with the walking cali-
bration instructions. First, subjects stood still for 2.5 s with their arms at their sides and their
feet close to shoulder-width apart. They then walked for 15 s at a self-selected speed, made a
180° turn, walked back to the starting position, and stood still another 2.5 s in the same initial
posture. After the calibration, participants engaged in two walking sessions, an unassisted walk-
ing session and an exoskeleton-assisted walking session, in a counterbalanced order. Both ses-
sions comprised of three blocks with two walking trials of 25 m each. After the first walking trial
in each block, participants turned 180° and walked back after an obligatory short break (~2 min),
followed by an obligatory longer break (~5 min) between blocks. Both walking trials of the first
block were carried out without a cognitive task, i.e. single-task walking (STO1 and ST02). In the
second block, the participants performed the subtraction task in both walking trials, i.e. dual-

task walking (DTO1 and DTO02). In the third block, the first walking trial included the subtraction
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task, whereas the second walking trial did not (DTO3 and ST03). In the short and long breaks

between trials, the participants again rated their perceived mental and physical workload.

During the unassisted walking session, only the lower-limb IMUs and audio recorder were uti-
lized. Participants walked at their preferred walking speed at an average of 1.31 +0.08 m/s (4.72
+ 0.29 km/h). In contrast, during the exoskeleton-assisted walking session, the entire measure-
ment system was employed. Participants were first fitted with the exoskeleton while seated,
including replacing their shoes with the exoskeleton's integrated shoes. Subsequently, the foot
IMUs were transferred to the TWIN shoes. This was followed by a recapitulation of the instruc-
tions for using the exoskeleton in automatic mode. Finally, the pressure sensors, IMUs on the
crutches, and load cells were calibrated. The average walking speed across exoskeleton condi-
tions was 0.10 £ 0.01 m/s (0.36 + 0.03 km/h). Several factors influence exoskeleton-assisted
walking speed, with the control strategy being a primary contributor, which allows for pre-pro-
grammed step parameters. This includes parameters such as step velocity and inter-step timing,
while anthropometric scaling further influences timing by adjusting step length based on the
user's segment lengths. These factors likely contributed to reduced walking speeds, as partici-
pants needed to synchronize with the exoskeleton's movements, although they retained some

control over step timing by leaning back.

After the two walking sessions, participants performed the subtraction task while seated to as-
sess cognitive performance without the motor task (Control 02). As at the beginning, there were

two 60-s trials. The second appointment took a maximum of 180 min.

5.1.2.4 Data processing

To quantify cognitive performance, the correct response rates (CRR) were calculated. According
to Galletly and Brauer (2005), this is determined by multiplying the response rate (subtractions
per second) by the accuracy (percentage of correct subtractions). During the exoskeleton-as-
sisted walking trials, data were collected from a 60-s segment following an initial 60 s of walking.

For unassisted walking trials, the entire duration was used.

To evaluate the motor performance, stride time, double support time and gait velocity were
calculated using MATLAB R2023a (The MathWorks, Natick, MA, United States). Stride time is the
duration of one complete gait cycle, from initial contact of one foot to its subsequent contact.

Double support time is the phase within the gait cycle when both feet are simultaneously in

78



5 Study 2

contact with the ground. For stride time and double support time, the mean values and coeffi-
cients of variation (CV) were determined. The CV were calculated by dividing the standard devi-

ation by the mean and multiplying by 100.

Gait event detection was conducted using the Dual Minima Method, which relies on the angular
velocity measured by gyroscopes mounted on the shank (Aminian et al., 2002; Bo6tzel et al.,
2016; Greene et al., 2010; Salarian et al., 2004). After applying a 20 Hz, 4th-order low-pass But-
terworth filter to the angular velocity data, local maxima were identified as mid-swing (MS).
Initially, the preceding and following local minima below zero were marked as initial contact (IC)
and terminal contact (TC), respectively. While IC detection was accurate, TC was found to occur
later than initially detected (Bo6tzel et al., 2016). Following Botzel et al. (2016), TC was defined
as the midpoint between the minimum and the zero-crossing (see Figure 19). Since symmetry
was assumed, the stride time was calculated based on the right side. For each walking trial, the
first and last two strides were excluded from the analysis to account for acceleration and decel-
eration effects. The analysis was based on an average of 23 strides performed with the exoskel-

eton and 15 strides without it.

Gait velocity was calculated by dividing the distance walked by the time taken. The distance was
assessed based on the pelvis IMU trajectory calculated via double integration in Noraxon
MyoResearch. The magnitude of the resulting trajectory was calculated in the antero-posterior
and medio-lateral directions. Due to the progressive accelerometer drift of the Noraxon IMUs
during the lengthy exoskeleton-assisted walking trials, the gait velocity data were extracted only

for the first single- (ST01) and dual-task (DT01) trials.
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Figure 19. Gait event detection with the Dual Minima Method based on angular velocity of the shank-mounted
IMU. Exemplary extraction of a single step of participant 01 during (A) unassisted walking and (B) exo-
skeleton-assisted walking. (Riedel et al., 2025)

5.1.2.5 Statistical analysis

Normality of the data was assessed using the Kolmogorov-Smirnov test. Given that repeated
measures ANOVAs (rmANOVA) are robust to deviations from normality when the sphericity as-
sumption is satisfied (Blanca et al., 2023; Schmider et al., 2010), parametric models were em-
ployed. If both assumptions were violated, non-parametric models were used instead. Sphericity
was evaluated with the Mauchly test, and when violated, the Greenhouse-Geisser correction
was applied. All statistical tests were conducted with a significance level of a = 0.05, with Bon-
ferroni corrections applied to post-hoc pairwise comparisons. The effect sizes are reported as
partial eta squared (nf,). Measurement errors in certain trials led to data loss, reducing the sam-
ple size for some parameters. The specific sample sizes are indicated in the results section
through the reported degrees of freedom and are annotated in each plot shown in Figure 20
and Figure 21. The statistical analyses were conducted using SPSS Statistics 29.0 (IBM, Armonk,
NY, USA).

To test the first hypothesis, 2 x 2-rmANOVAs were performed for stride time variability, double
support time variability, gait velocity, and perceived mental and physical workload. The analyses
included two within-subject factors: Walking Condition (Unassisted walking, exoskeleton-as-

sisted walking) and Task Condition (Single-task, dual-task). Data from the third block (DTO03,
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ST03) were used for the analysis, as the first two blocks functioned as a familiarization phase
(see Figure 18). However, gait velocity analysis included data from STO1 and DTO1, as described
above. A 1 x 3-rmANOVA was conducted on CRR, including the dual-task conditions and the

second seated control condition (Control 02) as levels.

To test the second hypothesis, 1 x 3-rmANOVAs or non-parametric Friedman tests were con-
ducted on the three single-task trials during exoskeleton-assisted walking, examining stride time
variability, double support time variability, CRR, and perceived mental and physical workload.
The analyses included Time Condition (STO1, ST02, STO3) as a within-subject factor. CRR was
assessed exclusively during the dual-task trials (DTO1, DT02, DT03).

5.1.3 Results

Table 5 presents the mean (SD) and median (IQR) for motor performance, cognitive perfor-
mance, and perceived workload parameters in Block 3 (ST03, DT03) for both unassisted and
exoskeleton-assisted walking, with corresponding boxplots depicted in Figure 20. Additionally,
Table 6 presents the mean (SD) and median (IQR) of dependent variables for exoskeleton-as-
sisted walking across the three single-task trials (STO1, ST02, ST03), with boxplots depicted in

Figure 21.

Table 5. Mean (SD) and median (IQR) of motor performance, cognitive performance, and perceived workload
metrics for unassisted and exoskeleton-assisted walking under single-task (ST03) and dual-task (DT03)

conditions.

Unassisted walking Exoskeleton-assisted walking

sT03 DTO03 sT03 DTO03
Motor perfor-
mance
CV Stride time 12(04) |12  22(09)|20  3.4(L7)]|36  3.0(L6)]2.9
(%) (0.9-1.5) (1.5-2.8) (1.5-4.6) (1.8-4.2)
CVDoublesup-  3.5(1.5)|3.1  4.4(L7)|46  4.6(2.6)|45  43(2.3)|44
port time (%) (2.6-4.0) (3.4-5.4) (2.1-5.6) (2.3-6.5)

. . 1.39(0.21) | 1.26 (0.25) | 0.09 (0.03) | 0.11(0.02) |
f;'/ts;’eloc'ty 1.37 (1.23- 1.24 (1.04- 0.10 (0.07- 0.11 (0.10-

1.47)t 1.41)! 0.12)! 0.12)!
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Unassisted walking

Exoskeleton-assisted walking

STO3 DTO3 STO3 DTO3
Cognitive per-
formance
Correct re- 0.35(0.09) | i 0.30(0.10) |
sponse rate 0.33(0.29-0.42) 0.28 (0.22-0.36)
Perceived
workload
Mental work- 2.2(3.3)| 0.0 41.0(23.2) | 17.0(12.3) | 59.9 (21.2) |
load (0.0-5.0) 35.0(21.3-60.0) 12.5(10.0-20.0) 60.0(42.5-75.0)
Physical work- 7.8(6.4) | 8.0 7.1(6.4) | 5.0 25.3(16.2) | 25.9 (15.7) |
load (2.5-10.0) (2.3-10.0) 20.0(12.0-40.0) 20.0(15.0-39.3)

n =20, 1: n =16 and based on ST01, DTO1. CV — Coefficient of Variation; ST — Single Task; DT — Dual Task

Table 6.

Mean (SD) and median (IQR) of motor performance, cognitive performance, and perceived workload

metrics for exoskeleton-assisted walking across the three single-task trials (ST01, ST02, ST03).

Exoskeleton-assisted walking

STO1 ST02 ST03
Motor performance
o 42(2.5) 3.7 3.3(1.7) ] 3.1 2.9(1.7) | 2.6
0,
CV Stride time (%) (2.0-6.4)! (1.8-4.1)" (1.4-4.4)"
. 5.9(3.7) | 5.3 4.8(2.4)| 4.3 4.0(2.3)| 3.6
0,
CV Double support time (%) (2.3-9.8)! (3.0-6.3)! (1.9-5.6)!

Cognitive performance
Correct response rate
Perceived workload

Mental workload

Physical workload

0.26 (0.08) | 0.24
(0.20-0.28)?

28.3(12.2) | 27.5
(20.0-40.0)

31.9(14.7) | 25.0
(20.0-40.0)

0.30(0.08) | 0.27
(0.25-0.35)?

24.9(12.1) | 22.5
(15.0-30.0)

28.0 (11.4) | 27.5
(20.0-40.0)

0.30(0.10) | 0.28
(0.22-0.36)?

17.0(12.0) | 12.5
(10.0-20.0)

25.3(15.8) | 20.0
(12.0-40.0)

n=20,1:n=15, 2: based on DT01, DT02, DT03. CV — Coefficient of Variation; ST — Single Task

5.1.3.1 Motor performance

The 2 x 2-rmANOVAs conducted to test H1 revealed that there was a statistically significant in-

teraction between the effects of Walking Condition and Task Condition for stride time variability

[F (1,19) = 15.30, p < 0.001, 7 = 0.45] and gait velocity [F (1,19) = 34.98, p < 0.001, 0 = 0.65].
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Simple main effects tests indicated that stride time variability was significantly higher during
exoskeleton-assisted walking than during unassisted walking in the single-task condition (p <
0.001). However, there were no significant differences during the dual-task condition (p =
0.062). Stride time variability during unassisted walking increased significantly from single-task
to dual-task condition (p < 0.001), whereas it reduced on average during exoskeleton-assisted
walking, however not significantly (p = 0.165). For gait velocity, simple main effects tests showed
that participants reduced their speed from single-task to dual-task condition during unassisted
walking (p < 0.001). In contrast, gait velocity during exoskeleton-assisted walking increased from
single-task to dual-task condition (p = 0.018). The gait velocity during unassisted walking, under
both single-task (p < 0.001) and dual-task conditions (p < 0.001), was significantly greater com-
pared to exoskeleton-assisted walking. For double support time variability the rmANOVA
showed no significant interaction effects [F (1,19) = 3.85, p = 0.065, nf, = 0.17]. However, the
statistical trend indicates a similar pattern observed for stride time variability. The main effects
for Walking Condition [F (1,19) = 0.86, p = 0.365, 7112; = 0.04] and Task Condition [F (1,19) = 0.66,

p = 0.426, 17 = 0.03] were also not significant.

The 1 x 3-rmANOVAs conducted to test H2 revealed no significant effects of Time Condition for
stride time variability [F (1.30,18.17) = 2.94, p = 0.095, nf, =0.17] and double support time vari-
ability [F (1.29,18.02) = 2.38, p = 0.136, nzz, = 0.15]. The statistical trends in stride time variability
and double support time variability indicate a reduction in variability from the first to the third

trial.

5.1.3.2 Cognitive performance

The 1 x 3-rmANOVA showed a significant effect for CRR [F (2,38) = 5.50, p < 0.001, nf, = 0.38].
Post-hoc tests revealed that CRR was significantly lower during exoskeleton-assisted walking
compared to both unassisted walking (p = 0.018) and the seated control condition (p < 0.001).
No significant differences were found between unassisted walking and the seated control con-

dition (p = 0.347).

A significant effect of Time Condition was observed [F (2,38) = 5.50, p = 0.008, n,z, =0.23], indi-
cating an increase in CRR from the first to the third trial during exoskeleton-assisted walking.

Post-hoc analyses showed that CRR was significantly higher in the third trial compared to the
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first (p = 0.005), while no significant differences were observed between the first and second

trial (p = 0.066) or between the second and third trial (p = 1.00).

5.1.3.3 Perceived workload

There was no significant interaction between Walking Condition and Task Condition for per-
ceived mental workload [F (1,19) = 0.97, p = 0.337, n,z, = 0.05] and physical workload [F (1,19) =
1.21, p = 0.285, nf, = 0.06]. However, there were significant main effects of Walking Condition
on mental workload [F (1,19) = 44.58, p < 0.001, nzz, = 0.70] and physical workload [F (1,19) =
27.56, p < 0.001, nf, = 0.59], indicating an increase of perceived mental and physical workload
during exoskeleton-assisted walking compared to unassisted walking. Task Condition had a sig-
nificant effect on mental workload [F (1,19) =79.77, p < 0.001, nf, =0.81], but no effect on phys-
ical workload [F (1,19) = 0.01, p = 0.914, 1],2J = 0.00]. This shows that the subtraction task in the
dual-task condition increased mental workload as intended, without affecting physical work-

load.

The Friedman test revealed significant effects of Time Condition on perceived mental workload
[¥*(2) = 17.10, p < 0.001] and physical workload [x?(2) = 9.10, p = 0.011]. Dunn-Bonferroni post-
hoc tests indicated that both mental workload (p < 0.001) and physical workload (p = 0.027)
decreased significantly from the first to the third trial. The differences between the first and the
second trial were not significant for mental workload (p = 0.342) and physical workload (p =
0.707). Similarly, no significant differences were found between the second and the third trial

for mental workload (p = 0.066) and physical workload (p = 0.464).
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Figure 20. Boxplots depicting the (A) coefficient of variation (CV) of stride time, (B) CV of double support time, (C)

gait velocity, (D) correct response rate, (E) mental workload and (F) physical workload across different
task conditions and walking conditions. The medan (horizontal line within the box), the mean (black
squares), the interquartile range (box), and the data spread including potential outliers (dots) are
shown for each condition. Asterisks (*) indicate statistically significant differences between conditions.
(Riedel et al., 2025)
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Figure 21. Boxplots depicting the (A) coefficient of variation (CV) of stride time, (B) CV of double support time, (C)
correct response rate, (D) mental workload and (E) physical workload across the three single task trials.
Note that correct response rates were only assessed for the dual-task trials. The medan (horizontal line
within the box), the mean (black squares), the interquartile range (box), and the data spread including
potential outliers (dots) are shown for each condition. Asterisks (*) indicate statistically significant dif-
ferences between conditions. (Riedel et al., 2025)

5.1.4 Discussion

This study employed a dual-task paradigm to investigate cognitive-motor interference (H1) and
short-term familiarization effects (H2) in an outdoor walking experiment with a powered lower-
limb exoskeleton. In contrast to unassisted walking, introducing the secondary task during exo-
skeleton-assisted walking slightly increased gait velocity and decreased stride time variability.
Concurrently, cognitive performance declined during exoskeleton-assisted walking, suggesting

a shift to a posture-first strategy. Short-term familiarization was observed through reduced per-
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ceived workload and improved cognitive performance throughout the session. However, cogni-
tive performance remained inferior to the seated control condition and unassisted walking, sug-

gesting that walking with the exoskeleton still requires significant attentional resources.

5.1.4.1 Introduction of a cognitive task increased gait velocity and decreased stride time

variability in exoskeleton-assisted walking

Previous studies have shown that gait velocity decreases under dual-task conditions, suggesting
that higher-order cognitive processes are involved (Al-Yahya et al., 2011). In line with this, the
present study found a significant decrease in gait velocity during unassisted walking with a sub-
traction task (-9%). However, gait velocity increased during dual-task exoskeleton-assisted walk-
ing (+22%), suggesting that, despite the mechanical constraints imposed by the TWIN, gait pat-
terns were modified—possibly through increased stride length. In a self-paced treadmill walking
study by Gupta et al. (2023), healthy adults exhibited a tendency to shift toward a preferred
walking velocity while performing a secondary task, suggesting that walking at a preferred ve-
locity may require less attentional effort in dual-task scenarios. It can therefore be hypothesized

that participants walking at low speeds with the exoskeleton exhibit similar behavior.

Similarly, stride time variability increased from single- to dual-task conditions during unassisted
walking (+83%) but slightly decreased during exoskeleton-assisted walking (-12%), contradicting
the initial hypothesis that motor interference increases during exoskeleton-assisted walking.
Stride time variability was significantly higher during exoskeleton-assisted walking compared to
unassisted walking in single-task conditions, but no differences emerged in the dual-task condi-
tion. The introduction of a secondary task appeared to enhance motor performance during ex-
oskeleton-assisted walking, consistent with participants' feedback that it shifted their attention
away from the exoskeleton. This shift in attention may have reduced exploratory behavior com-
pared to single-task walking, potentially decreasing resistance against the exoskeleton and pro-

moting more automatic compliance with the predefined gait trajectories.

Treadmill studies have shown that externalizing the focus of attention in this way can reduce
gait variability during simple secondary tasks, as it promotes more automatic gait execution
(Decker et al., 2016; Lovdén et al., 2008; Riedel et al., 2024). Such findings have not been repli-
cated for overground walking, raising questions about their transferability (Hybart et al., 2023;

Wrightson et al., 2020). However, similar to a treadmill, the TWIN induces a rhythmic regulating
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mechanism through predefined trajectories, haptic cues via the transmission of forces and tor-
ques (Wu et al., 2022), and auditory cues as the device beeps before the initiation of each step.
There is evidence that rhythmic auditory stimulation can lead to increased gait speed and stride
length, as well as reduced gait variability in individuals with Parkinson's disease (Hausdorff et al.,
2007; Pau et al., 2016). Moreover, studies with lower-limb exoskeletons show that external cues
can improve motor performance (Kim et al., 2022; Wu et al., 2022). From an ergonomic perspec-
tive, the results suggest that providing direct feedback through external cues may benefit exo-
skeleton users—particularly when their attention is externally directed, as often occurs in real-

world contexts.

5.1.4.2 Differing prioritization strategies for unassisted walking and exoskeleton-assisted

walking

Reduced gait velocity and increased stride time variability during unassisted walking suggest that
participants prioritized the cognitive task over the motor task, employing a posture-second strat-
egy (Yogev-Seligmann et al., 2012). This is supported by the results of cognitive performance, as
correct response rates (CRR) did not differ significantly from the seated control condition. In
contrast, CRR significantly decreased during exoskeleton-assisted walking (-14%), indicating
that fewer cognitive resources were allocated to the secondary task. This suggests a shift to a
posture-first strategy. Conversely, participant feedback indicated that the dual-task condition
led to more automated walking, as they did not consciously think about walking, suggesting that
a posture-second strategy may also be present during exoskeleton-assisted walking. However,
walking with the exoskeleton and coordinating with external cues still required considerable
attentional resources, contributing to the observed decline in cognitive performance. This im-
plies that only a portion of attentional resources was allocated to the secondary task, with the
primary focus remaining on the motor task. This shift toward a posture-first strategy implies that
participants perceived exoskeleton-assisted walking as a postural threat, which is consistent
with the fact that the TWIN restricts natural movement. This underscores the need for enhanc-
ing the intuitiveness of the exoskeleton's operation through the incorporation of adaptive con-
trol systems (Baud et al., 2021) and mechanical designs that permit natural joint motion without

limiting degrees of freedom (DeZman et al., 2024).

In human-robot interaction research, particularly in non-physically coupled systems, the ability

of a robot to anticipate human behavior has been shown to improve efficiency (Huang & Mutlu,
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2016). A key challenge involves the integration of intent recognition that infer user intent and
dynamically adapt the level of exoskeletal assistance. The effectiveness of these mechanisms is
closely tied to the concept of mental models, the user's internal understanding of how the exo-
skeleton functions (Stirling et al., 2019). Discrepancies between the user's mental model and the
system's embedded model can result in reduced performance. Empirical evidence indicates that
both the type of the control strategy (Zhang et al., 2015) and the temporal dynamics of assis-
tance (Ding et al., 2016) are critical determinants of user performance, potentially due to their
varying degrees of congruence with the user's mental model. Future investigations should sys-
tematically examine which adaptive control strategies best match user's mental models under

various task demands.

Participants in this study reported significantly higher physical and mental workload during ex-
oskeleton-assisted walking compared to unassisted walking, suggesting that the exoskeleton im-
poses greater demands on both cognitive and motor control systems. While cognitive perfor-
mance declined, motor performance improved. These findings indicate that, although external
rhythmic cues can enhance motor performance, walking with the exoskeleton and coordinating
with these cues still require substantial attentional resources. The integration of multimodal
feedback systems, including visual, auditory, and haptic cues that are easy to interpret, may help
reduce cognitive workload during exoskeleton use (Wu et al., 2022) and warrants further inves-

tigation in future studies.

5.1.4.3 Short-term familiarization effects in exoskeleton-assisted walking

To test the second hypothesis regarding short-term, within-session familiarization effects during
exoskeleton-assisted walking, the dependent variables were assessed across three consecutive
single-task trials (see Figure 18). Each exoskeleton trial lasted ~3 - 4 min, with the entire session
spanning around 20 min. Participants reported a significant reduction in both perceived physical
and mental workload throughout the session, indicating familiarization. These results align with
those of (Marinou et al., 2022), who found that participants began exhibiting familiarization ef-

fects with the TWIN exoskeleton within 10 - 20 min of walking.

In addition, the cognitive performance increased significantly from the first to the third trial,
supporting the hypothesis that greater alignment with the exoskeleton's assistance reduces cog-

nitive load. However, cognitive performance remained inferior to both seated control and un-
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assisted walking conditions, suggesting that walking with the exoskeleton still requires signifi-
cant attentional resources. The dependent variables showed no significant differences between
the second and third trials, indicating that familiarization effects plateaued after the second trial.
However, long-term study designs are required to ascertain whether familiarization has been
fully completed or not. The time required for familiarization can vary depending on several fac-
tors, including the complexity of the exoskeleton (e.g., the number of assisted joints and the
magnitude of assistance) and the individual characteristics of the user (Poggensee & Collins,
2021). In line with the recommendations of Poggensee and Collins (2021), designs of future ex-
periments investigating human-exoskeleton interaction should ensure that participants are

thoroughly familiarized.

5.1.4.4 Limitations

The participants in this study did not represent the intended target user group for the TWIN
exoskeleton, which intentionally interfered with natural walking. The use of healthy young
adults as participants limits the generalizability of the results, as cognitive-motor challenges may
differ in clinical populations. While assessing the efficacy of a specific exoskeleton ideally neces-
sitates the recruitment of individuals from the target user group, such an objective was beyond
the scope of the current investigation. Future research should include individuals with spinal
cord injury or other relevant clinical populations to enhance the ecological validity of the results.
All participants were novices with the TWIN exoskeleton. Although the study controlled for fa-
miliarization effects before examining cognitive-motor interference, the results do not allow for
a definitive conclusion regarding whether the familiarization process was fully completed, high-
lighting the need for a longer familiarization period. Additionally, participants had to coordinate
their movements with both the exoskeleton and crutches, thereby introducing additional cogni-
tive and motor demands. Another important factor to consider is the substantial difference in
gait velocity between unassisted and exoskeleton-assisted walking, as gait velocity influences
gait variability. Jordan et al. (2007) provide evidence that gait variability tends to decrease as
walking speed increases. The observed differences in motor performance in response to the
secondary task can be interpreted independently of gait velocity within each walking condition.
However, the overall increase in gait variability during exoskeleton-assisted walking as com-
pared to unassisted walking may be due to the slower walking speed rather than being attribut-

able solely to the use of the exoskeleton.
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Additionally, the subtraction task had a predictive rhythmic pattern, which may have led partic-
ipants to synchronize their response speed with the exoskeleton's gait cycle, despite instructions
to perform the task as quickly and accurately as possible (Bartolo et al., 2021). Exploratory t-
tests revealed a significant reduction in response rate from unassisted walking (0.36 re-
sponses/s) to exoskeleton-assisted walking (0.31 responses/s), while accuracy remained rela-
tively unchanged (unassisted walking: 97.69%; exoskeleton-assisted walking: 96.78%). Using un-
predictable stimuli may help address this potential confounding factor. For example, Reiser et
al. (2022) jittered the stimulus interval by 250 ms. In outdoor experiments, responding to jit-
tered auditory stimuli may provide a viable alternative. Finally, randomizing the initial number
on each trial in the subtraction task may have introduced variability in task complexity across
trials. This approach was intended to reduce predictability and reduce the potential for rehearsal

effects.

5.1.5 Conclusion

This study employed a dual-task paradigm to investigate cognitive-motor interference and
short-term familiarization effects in an outdoor walking experiment with healthy adults using
the TWIN lower-limb exoskeleton. The findings indicate the adoption of different prioritization
strategies for unassisted and exoskeleton-assisted walking. Specifically, introducing a secondary
task during exoskeleton-assisted walking slightly increased gait velocity and decreased stride
time variability, possibly due to the partial allocation of attentional resources enhancing coordi-
nation with the exoskeleton's external rhythmic cues. However, cognitive performance declined
compared to both the seated control and unassisted walking conditions, indicating a posture-
first strategy. Short-term familiarization during exoskeleton-assisted walking reduced perceived
workload and improved cognitive performance. Nonetheless, performance remained below that
of control conditions, suggesting that walking with the exoskeleton still requires significant at-
tentional resources. These findings should be interpreted with caution, given the limited famil-
iarization period and the exclusive focus on healthy young adults. Further research is needed to
validate these preliminary results across larger and more diverse populations, and to examine
the effects of extended training periods. Future studies should also explore adaptive control and
user feedback systems to enhance the efficiency of human-exoskeleton interaction. Ultimately,

the results underscore the importance of designing exoskeletons with a good cognitive fit to
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support the perception-cognition-action decision process of the exoskeleton user (Stirling et al.,

2020).”

5.2 Assessment of cognitive-motor interference in
human-exoskeleton interaction using the
Performance-Operating-Characteristics (POC)
framework

The following subsections (5.2.1 Introduction, 5.2.2 Method, 5.2.3 Results, 5.2.4 Discussion and

5.2.5 Conclusion) are full citations from the publication:

Riedel, N. & Deml, B. (2025). Assessment of cognitive-motor interference in human-exoskeleton
interaction using the Performance-Operating-Characteristics (POC) framework. In D. de
Waard, L. Onnasch, M. Liebherr, A. Dettmann, F. Siebert, K. Karrer-Gaul3, S. Winkler, A.
Toffetti, and M. De Angelis (2025). Proceedings of the Human Factors and Ergonomics
Society Europe Chapter 2025 Annual Conference. (pp. 51-60). Downloaded from
http://hfes-europe.org (ISSN 2333-4959)

5.2.1 Introduction

“Lower-limb exoskeletons are wearable robotic devices designed to provide support to the legs
during locomotion. However, the rigid structure and mass of these devices can alter body me-
chanics and impose additional physical and cognitive demands on the user (Jin et al., 2017).
These challenges become particularly pronounced when actuated joint assistance is insufficient
and disrupts the user’s natural movement pattern. While previous studies have primarily fo-
cused on the biomechanical and physiological effects of lower-limb exoskeletons, the cognitive
aspects associated with their use are widely overlooked (Pinto-Fernandez et al., 2020). However,
assessing the cognitive fit of exoskeletons is crucial to ensure a safe and efficient interaction,
allowing users to allocate sufficient cognitive resources to other relevant tasks (Stirling et al.,
2020). For instance, Bequette et al. (2020) found that individuals using a powered lower-limb

exoskeleton exhibited delayed reaction times in a visual search task, and subjective workload
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assessments via the NASA-Task Load Index (NASA TLX) (Hart & Staveland, 1988) revealed signif-
icantly higher perceived workload during both powered and unpowered exoskeleton-assisted

walking compared to unassisted walking.

Dual-task paradigms provide a methodological approach to examining the interaction between
cognitive processing and motor control during locomotion. Performing a cognitively demanding
task while walking can lead to cognitive-motor interference (CMI), where performance in one or
both tasks is reduced due to competition for limited cognitive resources (Al-Yahya et al., 2011).
According to Norman and Bobrow (1975), a task is considered resource-limited when its perfor-
mance improves as more cognitive resources are allocated to it, and vice versa. The Perfor-
mance-Operating-Characteristics (POC), developed by Norman and Bobrow (1975), provides a
framework for understanding performance trade-offs under conditions of divided attention.
Wickens et al. (1981) further reported that the efficiency of dual-task performance can be rep-
resented as a single point within the POC framework. That point represents the decrement in
both tasks relative to their respective single-task performance (see Figure 4). Shifts to the upper
right corner represent performance improvements, and vice versa. Shifts toward the black
dashed lines (single task performance) indicate a prioritisation of that task, i.e., the allocation of
greater resources to that task. In this way, the POC framework offers a visual-descriptive repre-
sentation of CMI. Kelly et al. (2010) applied this framework to dual-task walking to investigate
the influence of instructions and task difficulty on CMI. The authors suggest that the POC frame-
work can be used to investigate how individual, environmental, and task characteristics influ-

ence dual-task performance.

Building upon these recommendations, this work evaluates the applicability of the POC frame-
work in the context of human-exoskeleton interaction through two experiments employing a
dual-task walking paradigm. In the first experiment, participants walked on a treadmill under
two conditions: with and without weight cuffs affixed to the upper and lower limbs (Riedel et
al., 2023, 2024). In the second experiment, participants engaged in overground walking both
with and without the assistance of a powered lower-limb exoskeleton (Riedel et al., 2025). This
work examines the effects of various walking conditions (unloaded walking, loaded walking, and
exoskeleton-assisted walking) along with different surface conditions (treadmill and overground
walking) on overall CMI using the POC framework. Additionally, it explores the impact of famil-

iarisation on exoskeleton-assisted walking.
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5.2.2 Method

In the following the methods and materials of both experiments are briefly described. For a de-

tailed description, please refer to the referenced papers.

5.2.2.1 Experiment1

In the first experiment fifteen healthy young adults (age: 24.3 £ 3.5 years; stature: 1.73 £ 0.09 m;
body mass: 66 + 10.1 kg, 8 females, 7 males) walked on a treadmill at their preferred walking
speed with and without weight cuffs bilaterally attached to the thigh and shank, each weighting
2,25 kg (see Figure 22A). The experiment employed a within-subjects design to analyse cognitive
and motor performance under different walking conditions (unloaded walking, loaded walking)
and cognitive task demands (no secondary task, Stroop test, serial subtraction). Participants un-
derwent a structured protocol with alternating single- and dual-task walking phases. Walking
was tracked using an infrared camera system (Vicon Motion Systems; Oxford Metrics Group,
Oxford, UK) and secondary task performance was recorded via a microphone. Dependent varia-
bles include mean values and variability (coefficients of variation) of step length, step width,
stride time and double support time. Additionally, secondary task performance as correct re-

sponse rates (CRR) and perceived workload (NASA TLX) were assessed.

5.2.2.2 Experiment 2

In the second experiment twenty healthy young adults (age: 25.3 +4.1years; stature:
1.73+£0.10 m; body mass: 69 + 12.1 kg; 10 females, 10 males) walked overground with and with-
out the powered lower-limb exoskeleton TWIN (Laffranchi et al., 2021) (see Figure 22B). Due to
incomplete data only fifteen participants were included to calculate the parameters for the POC.
The experiment employed a within-subjects design to analyse cognitive and motor performance
under different walking conditions (unassisted walking, exoskeleton-assisted walking) and cog-
nitive task demands (no secondary task, serial subtraction). Participants underwent a structured
protocol with alternating single- and dual-task walking phases. Walking was tracked using a Nor-
axon Ultium Motion IMU system (Noraxon U.S.A. Inc., Scottsdale, AZ) and secondary task per-
formance was recorded via a microphone. Dependent variables include mean gait velocity and
variability (coefficients of variation) of stride time and double support time. Additionally, sec-

ondary task performance as CRR and perceived workload (NASA TLX) were assessed.
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Figure 22. Setup of (A) experiment 1 (from Riedel et al., 2023, 2024) and (B) experiment 2. (Riedel & Deml, 2025)

5.2.2.3 Data processing and statistical analysis

To prepare the data of both experiments for the POC framework, dual-task effects (DTE) were
calculated for motor performance (mDTE) and cognitive performance (cDTE). DTE compare sin-
gle-task performance to dual-task performance and were calculated for each experimental con-

dition using the following formula:

(Parameter gy g task—Parametersingie task)

DTE = -

X 100%

Parametersingie task

For data comparability between the experiments, mDTE was derived using the same motor pa-
rameters assessed in both studies: the coefficient of variation of stride time and double support
time. Step-by-step variability is considered an indicator of gait quality (Hausdorff, 2005); there-
fore, greater variability was assumed to indicate reduced motor performance. The DTE of each
parameter was calculated for each participant, and the mean and standard error were deter-
mined. The mean DTE values of both gait parameters were then combined and averaged to ob-

tain the composite mDTE.

Cognitive performance in each experimental condition was assessed based on the correct re-
sponse rate (CRR) in the serial subtraction task (subtracting the number 7 from a randomly se-

lected three-digit number). This metric was computed as the product of responses per second
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and the percentage of correct responses. To quantify cDTE, the CRR while walking (dual task)
was compared to the CRR while sitting (single task). In this case, the negative sign in the formula
was omitted, as a higher CRR reflects improved cognitive performance. Negative DTE values thus
indicate a decline in performance under dual-task conditions. To visualise the results within the
POC framework, the mean and standard error of mDTE and cDTE were plotted against each

other.

The Kolmogorov-Smirnov test was used to assess data normality, while sphericity was evaluated
with Mauchly’s test. If sphericity was violated, the Greenhouse-Geisser correction was applied.
Statistical tests were performed at a significance level of a = 0.05. All analyses were conducted
using SPSS Statistics 29.0 (IBM, Armonk, NY, USA). The effects of walking condition (unloaded
walking, modified walking) and surface condition (treadmill walking, overground walking) on
mDTE and cDTE were analysed using a 2x2 repeated-measures ANOVA with data from both ex-
periments. The modified walking level combines loaded walking from Experiment 1 and exoskel-
eton-assisted walking from Experiment 2. The effect of familiarisation (Trial 1, Trial 2, Trial 3) on
cDTE values was examined using 1x3 repeated-measures ANOVAs for unassisted walking and
exoskeleton-assisted walking. Since mDTE values were not normally distributed, the Friedman
test was used instead. Only data from the second experiment were included in the familiarisa-

tion analysis.

5.2.3 Results

Figure 23A illustrates the effects of surface condition and walking condition on dual-task perfor-
mance using the POC framework. Figure 23B illustrates the effects of familiarisation on dual-

task performance for unassisted walking and exoskeleton-assisted walking.
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Figure 23. Performance-Operating-Characteristics framework showing the effects of (A) surface condition and
walking condition and (B) familiarisation on dual-task performance. Single task performance is repre-
sented by the dashed lines. The diagonal line represents the Equal Allocation Axis. Data points repre-
sent means and bars represent standard errors. mDTE = motor Dual-Task Effect, cDTE = cognitive Dual-
Task Effect. (Riedel & Deml, 2025)

The surface condition influenced mDTE (p = .013), with larger costs for overground walking (-
34.1%) than for treadmill walking (3.6%). The walking condition also influenced mDTE (p = .040),
with larger costs for unloaded walking (-28.9%) than for modified walking (-1.6%). There was an
interaction between surface condition and walking condition for mDTE, with a greater effect of
walking condition on mDTE during overground walking (p = .014). The surface condition did not
affect cDTE (p =.077). The statistical trend indicates larger costs for overground walking (-11.1%)
than for treadmill walking (-2.1%). The walking condition also did not affect cDTE (p = .064). The
statistical trend indicates larger costs for modified walking (-12.3%) than for unloaded walking
(-0.9%). There was no interaction between surface condition and walking condition on

cDTE (p = .699).

Familiarisation decreased mDTE from trial to trial during exoskeleton-assisted walking (Trial 1: -
37.5%; Trial 2: -16.0; Trial 3: -6.1%; p = .038) but had no impact on unassisted walking (Trial 1: -
102.0%,; Trial 2: -91.1; Trial 3: -62.2%; p = .627). Familiarisation also decreased cDTE from trial to
trial during exoskeleton-assisted walking (Trial 1: -27.2%; Trial 2: -21.1; Trial 3: -16.1%; p = .026)
but had no impact on unassisted walking (Trial 1: -6.7%; Trial 2: -11.8; Trial 3: -6.1%; p = .532).

97



5 Study 2

5.2.4 Discussion

This work presents the Performance-Operating-Characteristics (POC) framework as a visual-de-
scriptive assessment method for use in the context of human-exoskeleton interaction. POCs
were developed to investigate whether two tasks influence each other and how the perfor-
mance of one task changes as a function of the performance of another. The results highlight

performance differences across surface, walking and familiarisation conditions.

5.2.4.1 Surface and walking condition effects

Motor dual-task performance (mDTE) significantly declined during overground walking, whereas
it slightly improved during treadmill walking. This aligns with previous findings that treadmill
walking enhances gait automaticity (Baek et al., 2023) and cognitive performance (Penati et al.,
2020) by inducing a more rhythmic gait pattern. In contrast, cognitive dual-task performance
(cDTE) did not differ significantly between treadmill and overground walking, though a statistical
trend suggests greater cognitive performance declines during overground walking. Consistent
with existing literature, these results reaffirm that treadmill walking is not directly comparable
to overground walking (Wrightson et al., 2020). The greatest reduction in mDTE was observed
during unloaded overground walking, supporting prior research showing that individuals slow
down when performing a secondary task (Al-Yahya et al., 2011). However, in the exoskeleton
condition, the overground walking effects on mDTE were less pronounced, likely due to the ex-
oskeleton’s motion constraints and its induction of a more rhythmic gait pattern, similar to
treadmill walking. The TWIN exoskeleton used in the second experiment operated with a full

position control strategy with predefined movement trajectories.

For overground walking, the results suggest that prioritisation strategies vary depending on the
walking condition. During unloaded walking, participants adopted a posture-second strategy,
with data points falling below the Equal Allocation Axis. Conversely, during exoskeleton-assisted
walking, participants appeared to prioritise the motor task, shifting towards a posture-first strat-
egy, as indicated by data points above the Equal Allocation Axis in the POC framework. According
to Yogev-Seligmann et al. (2012), attentional focus shifts toward maintaining gait stability when
walking becomes more challenging. This implies that participants may have perceived exoskel-
eton-assisted walking as a greater postural challenge, requiring increased cognitive resource al-

location to maintain stability.
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5.2.4.2 Familiarisation effects

During exoskeleton-assisted walking, both mDTE and cDTE significantly decreased from trial 1
to trial 3, indicating short-term familiarisation effects. While this study examined only three time
points within a relatively short period (>30 minutes), a more comprehensive POC analysis could
provide deeper insights into how priorities shift during the familiarisation process. It is plausible
that full familiarisation may require a substantially longer duration than the timeframe assessed
in the second experiment (Poggensee & Collins, 2021). For instance, this timeframe depends on
the complexity of the exoskeleton system and individual user characteristics. Ideally, upon full
familiarisation, the POC curve would reach the intersection of the two dashed lines, indicating
the elimination of dual-task costs. Tracking performance changes over time could be especially
valuable for evaluating the intuitiveness and efficiency of different exoskeleton systems. The
POC framework could help designers refine exoskeleton control algorithms to minimise cogni-
tive demand and enhance user experience. The high degree of individual variability observed
underscores the need for user-specific POC assessments, which could guide the development of
personalised exoskeleton settings. Although POC analyses provide important insights, they can
be complex and time-intensive. However, on an individual level, the automation of DTE calcula-
tions using a standardised method could streamline POC computation. This approach could help
reduce fall risk by ensuring users reach an adequate level of adaptation before relying on the
device. Clear thresholds for acceptable DTE values should be established, defining when the
training phase is complete and the exoskeleton is safe for independent use. This involves estab-

lishing a set of appropriate parameters that are then combined to calculate the composite DTE.

5.2.4.3 Limitations

POCs are highly sensitive to the parameters used to calculate DTE and the nature of the second-
ary task employed, making their interpretation complex and requiring careful consideration
when drawing conclusions. Additionally, confounding factors such as fatigue and motivation can
influence performance, further complicating POC analysis. These factors may also contribute to
the high variability observed among participants. Norman and Bobrow (1976) highlight the “dis-
tinction between the theoretical concept of a resource and the behavioural concept of perfor-
mance” (p. 509). If the relation between performance and resource is nonlinear, interpreting

POCs becomes even more challenging.
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Furthermore, variations in the experimental protocols, particularly regarding the familiarisation
period, necessitate caution when comparing data across experiments, such as in the analysis of
surface and walking condition effects. The examples presented in this study primarily aim to

demonstrate the potential application of POCs in human-exoskeleton interaction research.

5.2.5 Conclusion

The POC framework can provide valuable insights into cognitive-motor interferences in human-
exoskeleton interaction and how attentional resources are shifted during the familiarisation pro-
cess. While the POC framework has limitations, it provides a promising human-centred tool for
evaluating human-exoskeleton interactions. Future research should leverage this framework to
investigate extended familiarisation periods, assess diverse performance metrics, and establish

a standardised protocol to enhance comparability across studies and exoskeleton systems.”
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To advance research on the cognitive fit of exoskeletons, this thesis proposes a conceptual
framework focused on cognitive-motor interference in human-exoskeleton interaction (see Fi-
gure 5). Two studies were conducted using a dual-task walking paradigm to assess motor and
cognitive performance as well as perceived workload. Study 1 involved interaction with leg
weight cuffs (see Chapter 4), while Study 2 examined the use of a powered lower-limb exoskel-
eton (see Chapter 5). Section 6.1 summarizes the key findings from both studies in relation to
research questions RQ1 - RQ5. Section 6.2 discusses the theoretical implications and outlines
directions for future research aimed at addressing the studies’ limitations. Section 6.3 focuses
on the practical implications for exoskeleton design and training. Finally, Section 6.4 provides

the overall conclusion.

6.1 Key findings

RQ1 - Effects of an exoskeleton on motor performance during walking. Across both studies,
the use of an exoskeleton or weight cuffs consistently increased perceived physical workload
compared to normal walking, independent of additional cognitive load from a secondary task.
Analysis of gait parameters revealed distinct effects for the two motor conditions of the two
studies. When walking with weight cuffs, variability in step length, and to a lesser extent stride
time and double support time, was higher than during unloaded walking, regardless of cognitive
demand. In exoskeleton-assisted walking, stride time variability was significantly higher than
during unassisted walking under single-task conditions, but this difference disappeared in dual-
task conditions. Notably, stride time variability increased from single- to dual-task conditions
during unassisted walking (+83%), whereas it slightly decreased during exoskeleton-assisted
walking (-12%). A comparable effect was observed for gait velocity, which decreased under

dual-task conditions in unassisted walking yet increased in exoskeleton-assisted walking.

RQ2 - Effects of an exoskeleton on cognitive performance during walking. Walking with an ex-
oskeleton was perceived as cognitively more demanding than unassisted walking. Walking with
weight cuffs showed a statistical trend in the same direction. In line with the subjective ratings,

exoskeleton-assisted walking resulted in a significant decline in cognitive performance on the
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serial subtraction task compared to unassisted walking, suggesting increased cognitive load due
to the exoskeleton. For walking with weight cuffs, an interaction effect was observed. Cognitive
performance decreased only in the subtraction task, but not in the Stroop test, indicating that

the impact varied depending on the type of the secondary task (see RQ4).

RQ3 - Allocation of cognitive resources between motor and cognitive processes. Both studies
indicated that increased motor demands shift the focus of attention toward maintaining pos-
tural stability, consistent with a posture-first strategy, often at the expense of cognitive task
performance. Walking with the weight cuffs led to a reallocation of attention to posture during
demanding dual-task conditions, particularly in the subtraction task, as indicated by a decreased
cognitive performance. Similarly, exoskeleton-assisted walking decreased correct response
rates by 14%, indicating reduced cognitive resource allocation to the secondary task, while con-
currently increasing gait velocity and slightly reducing gait variability. In contrast, unassisted
walking under dual-task conditions was associated with reduced gait velocity and increased
stride-time variability, without impairing cognitive performance, consistent with a posture-sec-

ond strategy.

RQ4 - Effects of secondary task type on cognitive resource allocation. In Study 1, double-sup-
port time variability decreased from single-task walking to walking while performing the Stroop
test, in both unloaded and loaded conditions. The decreased variability suggests more auto-
mated walking, consistent with a shift in attentional focus toward the secondary task (external-
ized attentional focus). In contrast, during the more cognitively demanding subtraction task,
double-support time variability decreased for unloaded walking but remained unchanged under
loaded walking. This pattern indicates that, when walking with weight cuffs, competition for
cognitive resources can outweigh the benefits of an external attentional focus in high-demand
cognitive contexts. Moreover, the results suggest that mental tracking (subtraction task), rather
than inhibitory control (Stroop test), imposes greater interference on motor control. In line with
these findings, participants rated the Stroop test as less mentally demanding than the subtrac-

tion task.

RQ5 - Effects of adaptation on cognitive resource allocation. In Study 2, short-term adaptation
to exoskeleton-assisted walking was shown by reduced perceived mental and physical workload
and improved cognitive performance across trials. However, cognitive performance remained

below seated control and unassisted walking, suggesting that full adaptation may require
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longer-term exposure. Gait variability did not significantly decrease but showed a statistical
trend toward reduction. The improved cognitive performance and unchanged motor perfor-
mance indicates a shift from a posture-first to a posture-second strategy, likely as perceived

postural threat diminished over time.

6.2 Theoretical implications

Research gap and novel framework. This thesis addresses a critical research gap by being among
the first to investigate exoskeleton-assisted walking while concurrently assessing both cognitive
and motor performance. This dual focus enables inferences about cognitive-motor interference
(CMI) and the allocation of attentional resources during exoskeleton-assisted walking. The as-
sessment of CMI has a long tradition in clinical and epidemiological research, where it has been
widely employed to examine the impact of age-related cognitive decline and neurological disor-
ders on the interaction between cognitive and motor functions (Beurskens & Bock, 2012; Kelly
et al,, 2012). By transferring this approach to the domain of human-exoskeleton interaction, the
present thesis contributes to the emerging literature on cognitive fit of exoskeletons, an aspect
that has been largely neglected in prior work, which has predominantly emphasized static and
dynamic fit (Pinto-Fernandez et al., 2020; Stirling et al., 2020). Here, cognitive fit is operational-
ized through the assessment of CMI, with particular emphasis on attentional resource allocation
and overall workload as key human factors. Nevertheless, cognitive fit should be conceptualized
more broadly. Beyond attentional demands and workload, future research must extend this
framework to include additional human factors such as mental models and situational aware-
ness. For instance, research regarding mental models should investigate the alignment between
the user's internal anticipation of assistance and the exoskeleton's actual control strategy. Sim-
ultaneously, studies on situational awareness should assess whether the physical interface of an
exoskeleton compromises the user's perception of the environment. Such an expanded perspec-
tive would provide a more comprehensive understanding of human-exoskeleton interaction and

support the development of human-centered systems.

The present thesis provides a conceptual framework adapted from the control framework of
Tucker et al. (2015). This framework represents the interaction between the human, the exo-
skeleton, the control unit and the environment by explicitly integrating the cognitive dimension

of human-exoskeleton interaction (see Figure 5). This human-centered conceptual framework
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offers a foundation for future research aimed at evaluating exoskeleton systems across diverse
motor tasks, user populations and design configurations. In this way, it can serve as a tool for
benchmarking exoskeleton systems. Torricelli et al. (2020) highlighted the importance of bench-
marking exoskeletons not only from the perspective of functional performance but also by in-
corporating user experience and methodological considerations. The framework developed in
this thesis enables an integrated evaluation approach that combines functional performance
with cognitive aspects, while simultaneously providing a methodological structure through the

dual-task paradigm.

Empirical support for the task prioritization model. The findings of both studies provide empir-
ical support for the task prioritization model, which posits that cognitive resources are allocated
according to an individual’s postural reserve, defined as the capacity to maintain effective pos-
tural control, and hazard estimation, referring to the awareness of environmental risks and per-
sonal limitations (Yogev-Seligmann et al., 2012). The observed shift from a posture-second to a
posture-first strategy during loaded or exoskeleton-assisted walking suggests that increased
postural threat induces reallocation of attentional resources toward motor control to maintain
stability and prevent potential falls. Consistent with this notion, other studies examining the
impact of complex motor tasks on CMI have also reported a shift toward a posture-first strategy
(Kao & Pierro, 2022; Mersmann et al., 2013; Reiser et al., 2019). These findings align with the

hypothesis that increased physical exertion reduces the automaticity of walking (Clark, 2015).

Furthermore, Bequette et al. (2020) demonstrated that performance in a visual detection task
decreased significantly when participants operated a powered exoskeleton, whereas no such
deterioration occurred in the unpowered condition. This suggests that the operation of complex
exoskeleton systems demands increased attentional resources. In the second study presented
in this thesis, the applied powered exoskeleton was non-adaptive and restricted the range of
motion, which likely disrupted natural walking execution. Consequently, future research should
systematically investigate the influence of different control strategies, particularly adaptive ap-
proaches and design solutions that minimize interference with natural movement. These con-
siderations are critical for optimizing resource allocation during exoskeleton-assisted walking.
Ideally, exoskeleton users should be able to adopt a posture-second strategy, whereby walking
with the exoskeleton becomes as automated as normal walking, thus preserving sufficient cog-

nitive resources to perform concurrent tasks in the environment.
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Short-term adaptation effects. Prior research has shown that adaptation processes reduce
physical exertion during exoskeleton use (Gordon & Ferris, 2007; Poggensee & Collins, 2021),
which suggests that training can also reduce cognitive demands. In line with this, the findings of
study 2 indicate that short-term adaptation influences patterns of resource allocation. The im-
proved cognitive performance and unchanged motor performance indicates a shift from a pos-
ture-first to a posture-second strategy. Nevertheless, cognitive performance did not reach the
level observed in unassisted walking, implying that exoskeleton-assisted walking still required
substantial attentional resources. Following the recommendations of Poggensee and Collins
(2021), individuals should ideally receive training with the exoskeleton prior to assessments of
human-exoskeleton interaction. This allows them to progress from Rasmussen’s knowledge-
based stage of behavior to the rule-based stage, at which motor control becomes more auto-
mated and cognitive load is reduced. Future longitudinal research should further investigate the
transition from rule-based to skill-based behavior, with a particular focus on the factors that
facilitate these shifts. These include individual characteristics, such as cognitive capacity and
motor skills, as well as design-related features, such as adaptability and feedback modalities.

Furthermore, such studies should examine how CMI changes across the different stages.

Impact of secondary task type. Consistent with the dual-process model (Huxhold et al., 2006),
double support time (DST) variability decreased during the simpler Stroop test for both loaded
and unloaded walking, indicating an external attentional focus and greater gait automaticity.
Conversely, during the more demanding subtraction task, DST variability did not decrease under
loaded conditions. This suggests that when cognitive and physical demands are high, competi-
tion for cognitive resources outweighs the benefits of an external focus. The stronger interfer-
ence observed with the subtraction task compared to the Stroop test in Study 1 aligns with pre-
vious findings indicating that mental tracking tasks, meaning those requiring continuous
information maintenance and internal processing such as the subtraction task, interfere with
walking more strongly than tasks involving external stimuli (Al-Yahya et al., 2011). This increased
interference is likely attributable to the engagement of overlapping neural networks between
mental tracking and locomotion, particularly within the prefrontal cortex (Dennis Hamacher et
al., 2015; Holtzer et al., 2011). This effect has not yet been examined in the context of lower-
limb exoskeletons. To advance understanding of the underlying mechanisms, neurophysiologi-
cal methods such as electroencephalography (EEG) and functional near-infrared spectroscopy

(fNIRS) can be used. For example, Zhu et al. (2021) examined the effects of a passive upper-body
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exoskeleton using a dual-task paradigm and fNIRS methodology. Applying these methods in ex-
oskeleton-assisted walking paradigms would provide critical insights into how cognitive and mo-

tor processes interact under varying task demands.

Treadmill vs. overground walking. The results of Study 1 indicate that treadmill walking pro-
motes rhythmic gait patterns, which may facilitate more automated locomotion. This effect
likely arises because the treadmill provides mechanical support that stabilizes gait, serving as a
regulating mechanism (Wrightson et al., 2020). Such treadmill-induced automaticity can mask
the effects of increased cognitive demand (Baek et al., 2023; Penati et al., 2020). Consequently,
treadmill findings may have limited generalizability to overground walking. Therefore, treadmill-
based assessments may not fully represent overground exoskeleton use and should be inter-

preted with caution when evaluating human-exoskeleton interaction.

6.3 Practical implications

Performance operating characteristics framework in human-exoskeleton interaction. A central
practical implication of this thesis is the application of the performance operating characteristics
(POC) framework to the domain of human-exoskeleton interaction. The POC framework offers
a visual approach to simultaneously assess cognitive and motor performance under varying task
demands (Norman & Bobrow, 1975). Kelly et al. (2010) already emphasized its potential for eval-
uating complex dual-task walking scenarios. This thesis used the framework by demonstrating
how loaded walking (Study 1) and exoskeleton-assisted walking (Study 2), in combination with
secondary cognitive task demands, affect both motor and cognitive performance in healthy
young adults. By plotting performance within the POC space, it was possible to quantify the
degree of dual-task interference and track how performance shifted under different motor and
cognitive task conditions. One important application lies in the comparative evaluation of differ-
ent exoskeleton systems, control strategies or design settings. By mapping cognitive and motor
performance within a standardized framework, POC analysis could provide a robust benchmark
for rating the impact of exoskeleton systems on human performance. Moreover, the inter-indi-
vidual variability underscores the importance of fitting exoskeleton use to the specific needs and
capacities of each user. User-specific POCs offer a valuable tool for tracking individual adaptation
and training progress over time. For instance, monitoring changes in POC measures can help

identify the optimal point at which an exoskeleton may be used safely and effectively in daily
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activities. When integrated into real-time monitoring systems, POC analysis could further enable
adaptive feedback during training or rehabilitation, allowing for the personalization of assistance

settings.

Reducing cognitive-motor interference through rhythmic external cues. Exoskeleton-assisted
dual-task walking was associated with improved motor performance, characterized by increased
gait velocity and slightly reduced stride-time variability. These improvements may arise from
rhythmic external cues provided by the exoskeleton through haptic and auditory feedback. Such
mechanisms are thought to promote gait automaticity in a manner similar to treadmill walking.
In line with this, findings from rhythmic auditory stimulation research show that such external
cues can increase gait speed and stride length while reducing variability, particularly in individ-
uals with impaired motor control (Hausdorff et al., 2007; Pau et al., 2016). External rhythmic
cues therefore represent a promising strategy for promoting automated exoskeleton-assisted
walking (Wu et al., 2022). Future research should examine how multimodal feedback strategies
(visual, auditory, haptic) influence exoskeleton-assisted walking and adaptation, with direct im-

plications for system design.

Recommendations for exoskeleton training. The findings of this thesis highlight several im-
portant recommendations for developing exoskeleton training protocols. First, extended train-
ing sessions are essential. Although short-term familiarization effects can be observed within
approximately 30 minutes, these initial improvements are insufficient to fully mitigate the cog-
nitive demands associated with exoskeleton use. This underscores the need for prolonged ad-
aptation periods before optimal performance in daily activities can be expected. Training proto-
cols should therefore include a structured progression that allows users to transition from
knowledge-based control to rule-based and ultimately to skill-based control, making walking in-
creasingly automatic. These findings also highlight the need to manage user expectations prior

to the initial use of the exoskeleton.

Second, employing a dual-task paradigm may facilitate exoskeleton familiarization. Findings
from Study 1, in line with previous research (Decker et al., 2016; Lovdén et al., 2008), showed
that diverting attentional focus from walking to a concurrent secondary task reduced gait varia-
bility, provided that motor task demands remained below a threshold where competition for

cognitive resources occurred. Participant feedback from Study 2 further supported this obser-
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vation, with several participants reporting that performing a secondary task diminished explor-
atory behavior during exoskeleton-assisted walking, thereby promoting more automatic loco-
motion. These conditions appear to help users operate the exoskeleton without overanalyzing
their movements. Moreover, controlled dual-task walking scenarios could better prepare indi-
viduals for real-world environments, where attentional resources are often divided. This ap-
proach has already shown benefits in clinical populations (Fritz et al., 2015; Ghai et al., 2017)

and should be integrated into exoskeleton training.

6.4 Conclusion

This thesis examined the cognitive fit of exoskeletons by investigating their impact on cognitive
and motor performance while walking in dual-task conditions, in order to assess the degree of
cognitive-motor interference. Across two dual-task walking studies using weight cuffs and a
powered lower-limb exoskeleton, the findings demonstrate that devices not well adapted to the
user can increase both physical and cognitive workload, often prompting a posture-first strategy
that prioritizes posture control at the expense of cognitive performance. While short-term ad-
aptation to the powered exoskeleton showed measurable benefits, cognitive performance did

not reach the level of unassisted walking.

This work contributes to exoskeleton research by introducing a human-centered conceptual
framework that explicitly integrates the cognitive dimension into human-exoskeleton interac-
tion and by demonstrating the potential of the performance operating characteristics frame-
work as a practical tool for benchmarking exoskeletons, guiding training and fitting exoskeletons
to individual needs. These contributions establish cognitive fit as a critical dimension in exoskel-
eton research and design. Looking ahead, advancing knowledge of how different control and
design approaches influence motor and cognitive performance during human-exoskeleton in-
teraction will be essential for ensuring the safe and effective deployment of exoskeletons in real-

world contexts.
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