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Introduction

Wearable robotic devices are gaining attention as they enhance or assist human
physical capabilities. However, most developments have primarily focused on the
advancement of mechanical or electronic components, often neglecting how these
systems interact with the wearer’s body in terms of fit, comfort, and movement (Assare-
Mokwah & Arunkumar, 2024; Knight & Baber, 2005). This challenge with human-device
interactions becomes even more nuanced when designing full-body wearable systems,
because they are supposed to integrate multiple technical components, hard and soft,
while offering freedom of movement and wearability to the wearer. Research on wearable
exosuits has demonstrated that improper integration of components can result in
discomfort, restricted mobility, or even reduced device performance (Asbeck et al., 2014;
Crowell et al., 2019; Nasr et al., 2025). Thus, achieving an optimal balance between
technological functionality and human-centered design is crucial for successful
development of next-generation wearable robotic systems (Contreras-Vidal et al., 2015).
This study introduces a multidisciplinary collaborative project focusing on developing a
full-body wearable robotic suit that is designed to enable high-speed sprinting beyond
human capabilities — specifically, running 100 meters in seven seconds. The project
brought together experts from engineering, kinesiology, medicine, and design to address
complex challenges and achieve an optimal balance between technical functionality and
ergonomic comfort. The wearable robotic suit consisted of hard components, including
actuators, artificial muscles and ligaments, knee support devices, motion intention
sensors, and connecting wires, all integrated onto a base-layer suit made of mid-to-high
weight jersey fabrics.

Method
This multidisciplinary collaborative project was carried out following the five primary
stages of product development, including 1) component analysis, 2) placement and
attachment design, 3) interface control, 4) integration, and 5) evaluation, as summarized
below:
e Stage 1. Component analysis - Evaluating the operation, structure, size, weight,
and functional needs of each part
e Stage 2: Placement and attachment design - Identifying optimal locations on the
body, adjusting positioning based on body curves and movement data, and
simulating attachments using 3D virtual fitting tools
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e Stage 3: Interference control - Using 3D body-based pattern drafting and layering
strategies to prevent overlaps between components
e Stage 4: Integration - Applying stitching, insertion, pockets, molding, and other
methods to incorporate components into the garment structure
e Stage 5: Evaluation - Conducting fit tests and review sessions with all teams to
update the design through multiple iterations
The product development cycle, consisting of the five stages mentioned above, was
repeated multiple times throughout the project. At the end of each cycle, the
multidisciplinary team examined the developed prototypes to verify placement accuracy,
attachment stability, and signal fidelity. If further improvements were necessary, an
additional cycle was initiated.

Results
The project has been ongoing since spring 2021 and has spanned for four years
to date. A complete product development cycle was conducted each year, resulting in
four iterative cycles leading to the final completion of the full-body wearable robotic suit.
Below, we summarize the practical issues identified and strategies implemented
throughout the project period (Table 1):

Table 1. Design issues and strategies across development stages
Stage Issues identified Strategies implemented

Component Component diversity  Clarified integration needs for each component, including size

1 analysis and integration modifications and spatial requirements
uncertainty
Placement Risk of restricted Allowed for stable mounting while preserving joint mobility
2 and movement or through a mix of stretch and non-stretch materials and directional
attachment discomfort tailoring
] Mapped all components on the 3D body to detect overlaps, and
Interference Overlapping and coordinated with other teams to consolidate or reposition
control  conflicting component  components when needed; wires and sensors were layered
locations using modular design techniques
] Experimented with 3D-printed sensor casings, harness-
4 Integration Hard-soft material embedded parts, and anchoring panels, adapting them into
incompatibility conventional garment structures

Discomfort and Through over eight design meetings and fittings, the team refined
5 Evaluaton misalignment during the suit to minimize interference and optimize both integration
fitting and wearability

These strategies addressed resolve not only individual component issues but also
conflicts between technologies. For example, the sensor team required hardware to be
fixed at a specific location for signal accuracy, while the artificial muscle team needed
that same area for force anchoring. To address this, the team prioritized functions, tested
multiple placement options, and unified overlapping components when possible.
Additionally, the artificial muscle and ligament teams each designed harnesses anchored
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at the waist and shoulders to secure actuators to the thigh. Since the two harnesses
overlapped, the clothing team proposed combining the into a single system. In the
process, attachment points for both components were adjusted to share anchor positions
without losing function.

This approach differs from conventional design process models, in both structure
and tasks execution. For example, Lamb and Kallal’s (1992) Apparel Design Framework
(ADF) composed of six stages — problem identification, preliminary ideas, design
refinement, prototype development evaluation, implementation. While the ADF model
offers a solid foundation for designing apparel products in single or relatively small-scale
projects, it is less suited for large-scale, multidisciplinary projects that involve complex
combinations of hard and soft components and consist of several sub research groups.

Conclusion

In our project, product development progressed through a parallel and iterative
integrated process, where complex issues were identified, and extensive discussions
occurred during mutual feedback. This real-time coordination enabled dynamic resolution
of conflicts within the team— a hallmark of multidisciplinary collaboration. Coordinating
technical requirements with human movement needs goes beyond form-making; it
demands systems thinking and interface design. In this context, the wearable robotic suit
functions as an active platform that seamlessly connects technology and the human body.
The lessons learned from this project offers meaningful insights for the development of
future wearable technologies. As wearable technologies continue to evolve, the
collaborative approach introduced in this study will become increasingly significant.
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