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Synopsis

Upper-limb prosthetic devices are cognitively demanding to use, contributing to high
abandonment rates. This study investigates whether cognitive load during prosthetic use is best
characterized through a multimodal evaluation framework. Twelve able-bodied participants
performed three tasks of daily living using their natural hand and a tendon-actuated prosthesis
while cognitive load was assessed using subjective workload (NASA-TLX), eye tracking
(pupillary activity), and function near-infrared spectroscopy (fNIRS). Results demonstrate that
cognitive load increases with prosthesis use across all modalities, but each measure exhibits
task-dependent sensitivity. These findings highlight the importance of multimodal cognitive load
assessment and inform task-aware selection of evaluation metrics.

Background

Upper-limb prostheses remain cognitively and physically demanding to operate, with only 27-
50% of individuals with upper-limb differences choosing long-term prosthetic use (Biddiss and
Chau, 2007). Limitations in control strategies, sensory feedback, and adapatibility contribute to
high cognitive burden and device abandonment (Marchand et al., 2021). Understanding how
cognitive load manifests during prosthetic use is critical for guiding device design and evaluation.

Traditional assessments of cognitive load rely heavily on self-report measures such as the NASA
Task Load Index (NASA-TLX) or performance-based metrics including task completion time and
error rate (Hart and Staveland, 1988). While informative, these approaches are limited by recall
bias, lack of temporal resolution, and inability to directly assess neural processes underlying
cognitive effort. Objective physiological measures, such as eye tracking and functional near-
infrared spectroscopy (fNIRS), offer complementary insights by capturing attentional strategies
and task-evoked neural activation in real time.

Eye-tracking metrics, including pupil dilation and gaze allocation, have been linked to attentional
demand during prosthesis use, revealing differences in visual monitoring strategies between
natural hand and prosthetic operation (Zhang et al., 2017). fNIRS, which measures changes in
prefrontal cortical oxygenation, has been shown to reliably index cognitive workload during motor
and control tasks, including prosthetic manipulation (Fishburn et al., 2014). However, most
prosthetics research has treated cognitive load as a single-modality problem, despite evidence
from other domains that multimodal approaches provide more robust and interpretable
assessments (Duchowski et al., 2020).

This study addresses this gap by evaluating cognitive load during prosthetic use by combining
subjective, behavioral, and neural measures. By systematically comparing natural hand and
prosthesis use across tasks of increasing complexity, this work aims to characterize how
different modalities capture distinct dimensions of cognitive demand.

Methods

Twelve able-bodied participants completed three activities of daily living — box and block
transfer, check transfer and stacking, and carton transfer and pour — using their natural hand and
a tendon-actuated modular prosthesis (TAMP). Tasks were selected to span increasing levels of



motor and cognitive complexity. Each task was performed in three one minute trials per condition
across two sessions.

Cognitive load was assessed using three modalities. Subjective workload was measured after
each trial using the NASA Task Load Index (NASA-TLX). Visual attention and pupillary activity
were recorded continuously using Pupil Core eye tracking glasses, with cognitive load quantified
via the Low/High lindex of Pupillary Activity (LHIPA). Neural activation was measured using a 16
optode fNIRS system positioned over the prefrontal cortex, with changes in oxygenated
hemoglobin serving as indicators of cognitive demand.

Task performance metrics included the number of objects transferred or stacked and pour
accuracy, depending on the task. Data were analyzed using linear mixed effects models with
participants as a random effect and end effector type as a fixed effect. Trial number and object
weight (for the carton task) were included as covariates. Statistical significance was defined as p
< 0.05 with appropriate corrections for multiple comparisons.

Results

Across all tasks, participants demonstrated significantly higher performance when using their
natural hand compared to the prosthesis. Performance differences were consistent across gross
manipulation, fine motor precision, and dynamic stabilization tasks.

Subjective workload raatings revealed significantly higher cognitive demand using prosthesis
use across all tasks. Participants reported greater mental and physical demand, higher effort and
frustration, and lower perceived performance when using the prosthesis. Temporal demand
exhibited task-dependent effects: differences between conditions were minimal during the
simplest task but increased substantially as task complexity increased.

fNIRS results showed significantly greater prefrontal cortex activation during prosthesis use
across all tasks. Neural activation scaled with task complexity, progressing from localized right
prefrontal engagement during simple tasks to bilateral dorsolateral and medial prefrontal
activation during more complex tasks.

Pupillary activity exhibited a distinct pattern. LHIPA values were significantly higher during
prosthesis use for the block transfer and checker tasks but did not differ between conditions
during the most complex task. Trial number did not significantly affect pupillary measures.

Discussion

These findings demonstrate that cognitive load during prosthetic device use is multidimensional
and task dependent. Subjective workload and neural measures consistently indicated increased
cognitive demand during prosthesis use, with sensitivity to task complexity. In contrast, pupillary
activity reflected shifts in visual attention strategies rather than overall cognitive load during
highly dynamic tasks.

The divergence across modalities highlights the importance of multimodal assessment. While
subjective and neural measures converged in capturing perceived and physiological workload,
eye-tracking measures were more sensitive to task structure and visual demands. This suggests
that no single modality can fully characterize cognitive load across all task contexts.

Importantly, the results provide practical guidance for selecting cognitive load metrics. For simple
or repetitive tasks, subjective workload measures may be sufficient. For complex, dynamic tasks,
neural measures such as fNIRS provide critical insight into executive demand, while eye tracking
offers complementary information about attentional strategies rather than overall workload.



This study establishes a controlled baseline for multimodal cognitive load evaluation using able-
bodied participants. Future work will extend this framework to individuals with limb loss to
investigate how embodiment, learning, and long-term adaptation shape multimodal cognitive
load signatures.
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