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Abstract: Conventional wheelchairs remain poorly suited to constrained environments — washrooms, hospital
facilities, railway coaches, aircraft cabins, and low-resource settings — owing to their bulk, limited maneuverability,
and high cost. This paper presents the design and preliminary engineering evaluation of a compact, low-cost assistive
mobility system developed through an integrated Human-Centered Design, frugal engineering, and Design Structure
Matrix (DSM) framework. Requirements elicited from 46 stakeholders (users with locomotor impairments, caregivers,
and rehabilitation professionals) were translated into engineering specifications, and a quantitative DSM based on a
four-domain interaction taxonomy modeled subsystem dependencies to inform modularization and assembly
sequencing. The resulting proof-of-concept prototype, fabricated from commercially available components for
approximately 1,500, achieves an overall width of 420 mm — a 35-40% reduction relative to conventional
wheelchairs. Preliminary evaluation comprising structural load verification (110 kg static), maneuverability assessment
in a 500 mm mock-up aisle, and user-assisted functional evaluation demonstrates technical feasibility. The study shows
how dependency-driven architecture and context-aware dimensional optimization can yield affordable, scalable
assistive mobility solutions, providing a foundation for standardized validation per 1SO 7176.
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1 Introduction

Mobility provides the basis for independence, access to healthcare, and functioning in society as a group (Lin and Cui,
2021). Assistive mobility devices help promote safe and efficient movement for people with locomotor disabilities, in the
elderly population, the postoperative population, and the pregnant population (Kumar and Ramkumar, 2026). Movement
is not just functional for these user groups; it is related to dignity, autonomy, and timely access to essential services (George
etal., 2026).

Conventional wheelchairs, though widely used, are designed for standardized environments and perform poorly in
practical, constrained settings: typical widths of 600—700 mm exceed the clearances of hospital washrooms, residential
rooms, railway coach corridors, and aircraft cabins, while high cost and structural complexity limit accessibility and
scalability in low-resource environments (Holliday et al., 2005). These constraints are compounded in emergency and
high-density settings requiring immediate deployment, leading caregivers and users to rely on unsafe or improvised
mobility with a higher likelihood of injury — a fundamental disconnect between standard assistive device design and the
contextual realities of constrained, resource-limited settings (World Health Organization, 2023).

To meet these challenges, this research develops a compact, low-cost, rapidly deployable wheelchair system through a
frugal, system-oriented design strategy, enabling caregiver-assisted mobility and managed patient transfer across domestic
areas, medical facilities, and constrained transport modes such as Indian railway coaches and aircraft cabins. The approach
applies system decomposition and interaction modeling as described in Design Structure Matrix (DSM) methodology
(Eppinger and Browning, 2012), pursuing reduced complexity, modularity, and improved operational performance
through explicit treatment of interactions among structural, mobility, and user-interaction elements.

This work describes the design, implementation, and preliminary evaluation of the proof-of-concept system. Its
contributions are: (1) a quantitative, traceable DSM analysis including coupling-score determination, clustering, and
assembly sequencing; (2) a frugal, dimensionally optimized prototype realized for ~X1,500; (3) dimensional-compatibility
assessment against railway and aircraft aisle envelopes; (4) preliminary structural, maneuverability, and user evaluations;
and (5) a safety and standards roadmap toward 1SO 7176 alignment.

2 Background and Research Gap

2.1 Limitations of Conventional Wheelchairs

The traditional wheelchairs used by many people have low performance in spatially constrained and resource-limited
conditions (George et al., 2026). A primary limitation is their physical dimensions, such as widths of 600—700 mm, which
are larger than the allowable clearances of narrow passages such as railway aisles, aircraft cabins, hospital corridors, and
washroom entrances. This difference in dimensions can adversely affect their functionality in high-density and mobility-
critical environments (George et al., 2026),(Holliday et al., 2005).
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Beyond spatial limitations, traditional wheelchairs involve high procurement and maintenance costs that restrict
accessibility in low-resource settings, and they are generally intended for single-context use, offering limited versatility
across residential, healthcare, and transportation environments. Their structural and operational complexity further hinders
rapid deployment and improvisation in emergencies, where such complexity can compromise both efficiency and user
safety.

2.2 Need for Context-Driven Assistive Design

Recent developments in assistive technology emphasize context-driven, human-centered design: devices must
accommodate the environmental, economic, and social contexts of use. Priorities include affordability across socio-
economic groups, scalability, and simplicity in fabrication and operation to support local manufacturability —
considerations that are especially important in low-resource settings where infrastructure and technical support remain
limited.

2.3 ldentified Research Gap

Despite this progress, no existing solution combines ultra-low cost (below %2,000), compact dimensions, rapid
deployability, and multi-context use across indoor, healthcare, and transportation environments. The underlying problem
is the limited representation of interactions among functional, structural, and contextual components, which increases
complexity without efficiency gains. A dependency-aware methodology based on the Design Structure Matrix is therefore
needed to optimize subsystem interactions and support scalable, contextually sensitive solutions (Eppinger and Browning,
2012).

3 Methodology

3.1 Design Approach

The assistive mobility system is developed through an integrated method combining Human-Centered Design (HCD),
frugal engineering, and system-level interaction modeling (Eppinger and Browning, 2012; Kaur and Shah, 2026). HCD
places safety, comfort, and usability for vulnerable user groups — individuals with locomotor disabilities, the elderly, and
post-operative patients — at the core of the process, translating user requirements into design requirements. Material
selection and fabrication follow frugal engineering principles, prioritizing cost efficiency, ease of assembly, and locally
available components. From a systems view, the design is decomposed into four subsystems — seating, structural support,
mobility base, and caregiver interface — whose coupling relationships are examined through DSM analysis, shifting the
design from a component-centric to an interaction-aware, system-centric perspective. User-needs elicitation is described
in Section 3.2; the full DSM procedure — interaction taxonomy, scoring, clustering, sequencing, and resulting design
decisions — is detailed in Section 4.2.

3.2 User Needs Elicitation and Participant Involvement

Consistent with Human-Centered Design principles (Harte et al., 2017), user requirements were established through direct
stakeholder engagement rather than designer assumptions. A total of 46 participants were recruited at the Artificial Limbs
Manufacturing Corporation of India (ALIMCO) — 25 individuals with locomotor impairments, 16 informal caregivers,
and 5 rehabilitation professionals. Data were collected through semi-structured interviews, contextual observations, and
task-oriented discussions during representative mobility, transfer, indoor navigation, and washroom accessibility
activities. Informed written consent was obtained from all participants, and the protocol was approved by the Institutional
Ethics Committee of 11T Kanpur.

Transcripts and observational notes were analyzed thematically. Affordability, inaccessibility of narrow washrooms and
transport aisles, physically demanding transfers, and hygiene concerns with conventional seating emerged as the most
frequently reported issues, and were systematically translated into engineering requirements (Table 1), establishing
explicit traceability between stakeholder needs and the specifications that drive the DSM-based architecture of Section 4.
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Table 1. Translation of stakeholder requirements into engineering design specifications

Stakeholder Requirement

Engineering Requirement

Design Implementation

Access within narrow washrooms
and transport aisles

Minimize overall width with
structural stability

Overall system width optimized to
420 mm

Safe bed-wheelchair—toilet
transfer

Transfer accessibility with
caregiver assistance

Bed-height seat with caregiver
interface

Hygienic operation in wet
environments

Moisture-resistant, cleanable
seating

Perforated non-upholstered
seating platform

Affordable assistive mobility

Low production cost and
complexity

Frugal, commercially available
components

Improved maneuverability in
confined spaces

Enhance directional control

Four 2-inch swivel casters (2
locking, 2 non-locking)

3.3 Design Obijectives

The system was designed against measurable objectives: manufacturing cost below 22,000 using commercially available
materials; overall width not exceeding 430 mm; a minimum payload capacity of 60 kg; hygienic materials and an
ergonomic configuration supporting safe handling and caregiver assistance; and structural performance assessed using
procedures aligned, where applicable, with ISO 7176-8. These criteria enable objective evaluation of the prototype
(Section 7). Preliminary structural verification under a static load of 110 kg is presented in Section 7.1.

4 System Architecture and Design

4.1 System Decomposition

The proposed system is conceptualized as an integrated assembly of four primary subsystems, each fulfilling a distinct
functional role while maintaining coordinated interaction with the others. (1) The Seating Module is the primary human—
system interface, providing ergonomic support and stability for short-duration use; its perforated seat structure enables
water drainage, improving suitability for hygiene-sensitive environments such as washrooms and clinical settings. (2) The
Mobility Base provides smooth, omnidirectional movement via caster wheels, ensuring high maneuverability within
narrow environments and transportation aisles. (3) The Structural Frame is the load-bearing backbone, transferring user
weight to the mobility base, maintaining integrity and balance under static and dynamic conditions, and serving as the
integration platform for all subsystems. (4) The Caregiver Interface supports assisted mobility and controlled maneuvering,
ensuring safe handling, directional control, and efficient patient transfer where caregiver assistance is essential. The overall
configuration and its operational interaction are illustrated in Figure 1.

Backrest: Upper-body support
for posture and comfort

Push Handles:
Rear-mounted grips
for caregiver-
assisted propulsion
Perforated Seat
Facilitating Drainage
and Hygiene in Wet
Environments

Footrests/Footplates:
Lower-limb support
for user stability and
Rear Wheels: Small- comfort
diameter caster wheels
for enhanced
maneuverability

Front Wheels:
Small-diameter
caster wheels for
enhanced
maneuverability

Grooved Wooden Joint for Mounting
Caster Wheels to Chair Leg Terminals

Figure 1(a). Structural configuration and labeled components of the proposed system (perforated seat, backrest, push handles,
footrests, caster wheels, structural connectors).
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Caregiver:

Attendant

supporting

patient/user )

mobility and Patient:

safety Indi\.'if:lual
requiring
mobility

assistance

Figure 1(b). User—caregiver interaction demonstrating assisted propulsion in a real-world context.

4.2 Interdependency Analysis

To systematically evaluate subsystem interactions, the interdependency relationships are modeled using a Design Structure
Matrix framework (Eppinger and Browning, 2012; Browning, 2016), which enables structured visualization of coupling
intensity, captures both functional and structural dependencies, and shifts the design process from component-centric to
interaction-aware system optimization.

Determination of coupling levels. Coupling strengths were determined using the interaction taxonomy of Pimmler and
Eppinger (1994), in which each subsystem pair is assessed across four interaction domains: spatial (physical adjacency
and geometric integration), energy (load and force transfer), material (physical connection and fastening), and information
(control and coordination). Each domain was rated on a 0-3 scale (0 = none; 1 = weak or indirect; 2 = moderate,
functionally relevant; 3 = strong, critical to function or safety) during structured design reviews of the project team, and
the maximum domain rating was adopted as the aggregate coupling score for the pair. The resulting pairwise scores, and
their rationale, are as follows:

Seating—Frame (3): permanent connection carrying the primary user load path; critical to safety and integrity.
Frame—Mobility Base (3): the frame transmits the full load to the caster mounts, governing stability and motion.
Mobility Base—Caregiver Interface (2): caregiver input governs direction and speed but lies outside the load path.
Frame—Caregiver Interface (2): the push handle fastens to the frame but is not load-critical for the seated user.
Seating—Mobility Base and Seating—Caregiver Interface (1): indirect, mediated entirely by the frame.

The resulting numerical DSM is summarized in Table 2, where 3 denotes strong, 2 moderate, and 1 weak coupling.

Table 2. Numerical subsystem DSM of the proposed assistive mobility system (3 = strong, 2 = moderate, 1 = weak)

Subsystem Seating Frame Mobility Caregiver
Seating — 3 1 1
Frame 3 — 3 2
Mobility 1 3 — 2
Caregiver 1 2 2 —

Clustering and sequencing analysis. Applying standard clustering criteria — maximizing intra-cluster and minimizing
inter-cluster interaction density (Eppinger and Browning, 2012; Browning, 2016) — partitions the architecture into a
tightly coupled structural core (Seating, Frame, Mobility Base; mean intra-cluster coupling 2.3) and a loosely coupled
Caregiver Interface (mean coupling 1.7, no critical score), indicating the caregiver interface can be modularized without
degrading structural performance. Sequencing yields a strictly feed-forward assembly order — frame — mobility base —
seating — caregiver interface — with no feedback dependencies, supporting rapid, rework-free assembly.

Traceability from DSM findings to design decisions. The analysis directly informed the design: (1) the strong Seating—
Frame coupling motivated bolted, load-path-aligned joints and a monobloc perforated seat with integral rigidity; (2) the
strong Frame—Mobility coupling placed caster mounts in the frame base rather than the seat; (3) the weakly coupled
Caregiver Interface became a detachable, tool-free PVC push handle enabling compact stowage and rapid deployment;
and (4) the sparse, cycle-free coupling structure permitted a minimal-fastener architecture simplifying fabrication and field
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repair. Collectively these decisions enhance modularity, adaptability, and deployment speed — performance in constrained
environments is governed by optimized interaction structures rather than component complexity.

5 Design Implementation

5.1 Component Selection and Cost Analysis

The system follows a frugal engineering paradigm: component selection balances cost efficiency, structural reliability,
and contextual usability, with all components sourced from readily available local materials. This enables rapid fabrication
and decentralized, community-level implementation without specialized manufacturing infrastructure. The component-
wise cost distribution is summarized in Table 3.

Table 3. Component-wise Cost Breakdown

Component Cost (INR)
Perforated Plastic Chair 850
Caster Wheels 150
Wooden Structural Frame ~300
PVC Handle (Caregiver Interface) ~200
Total Cost ~1500

The total system cost of approximately ¥1500 represents a substantial reduction compared to conventional wheelchair
systems, which typically range from 8,000 to 225,000. This corresponds to an approximate 81-94% cost reduction,
significantly enhancing economic accessibility for users in low-resource settings.

The mobility base employs four 2-inch heavy-duty swivel caster wheels (two with brakes, two without), each with a cast-
iron housing, PVC rubber tread, and double-sealed bearings. The 360° swivel mechanism provides multidirectional
maneuverability, while the rear locking casters give positional stability during patient transfer. Per manufacturer
specifications, the four-caster assembly has a combined rated load capacity of 500-600 kg — a substantial margin for the
intended short-duration, caregiver-assisted application, although this rating applies to the caster assembly only.

5.2 Ergonomic and Dimensional Analysis

The ergonomic configuration was established by integrating the user requirements identified in Section 3.2 with the
dimensional constraints of the intended operating environments. Unlike conventional wheelchairs, whose dimensions are
standardized for broad applicability, the geometric parameters here were determined jointly by user accommodation,
caregiver-assisted operation, structural stability, and environmental compatibility.

The final configuration comprises a seat height of 45 cm, seat width of ~42 cm, seat depth of 39 cm, backrest height of 34
cm, and an overall system width of ~420 mm. The overall width was the primary design constraint, since inaccessibility
of narrow washrooms, corridors, and transport aisles was the most frequently reported limitation of conventional
wheelchairs (600—700 mm wide); achieving 420 mm was therefore treated as a system-level objective shaping the mobility
base, seating module, and structural frame.

The 45 cm seat height matches typical hospital-bed and domestic seating heights, easing lateral transfers and reducing
caregiver effort (DiGiovine et al., 2000); the 42 cm width accommodates the occupant within the compact envelope; the
39 cm depth provides thigh support with a reduced footprint; and the 34 cm backrest gives lumbar support adequate for
short-duration use. The perforated, non-upholstered platform enables drainage and easy cleaning for washroom and wet-
environment use.

6 Application in Constrained Environments

The system is assessed for dimensional compatibility in constrained transportation environments, using Indian railway
coaches and aircraft cabins — with their restricted aisles, dense occupancy, and safety constraints — as reference
benchmarks; empirical results are reported in Section 7.

6.1 Application in Indian Railway Coaches

Indian railway coaches exhibit aisle widths of approximately 500-900 mm depending on configuration (Roy et al., 2026),
so conventional 600—700 mm wheelchairs often exceed available clearances. The proposed ~420 mm system is compatible
even with the narrower range (500-650 mm), enabling in-aisle maneuvering and caregiver-assisted transfer, particularly
in emergency scenarios where conventional wheelchairs are impractical.
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6.2 Application in Aircraft Cabins

Aircraft cabin aisles typically measure 17-20 inches (=430-510 mm) (Kiselev, 2025), with regulatory minima defined by
safety and evacuation constraints (Hijazeen et al., 2025), rendering standard wheelchairs generally incompatible. At ~420
mm, the proposed system falls within or near this envelope, indicating potential suitability for assisted in-cabin mobility
— although aviation deployment would require further structural validation and regulatory compliance.

6.3 Synthesis and Design Implications

Across both environments, spatial compatibility emerges as the primary determinant of assistive mobility effectiveness:
the reduced width (~420 mm versus 600-700 mm) addresses a critical accessibility gap, reinforcing that dimensional
optimization and dependency-aware design are more impactful than added structural complexity in constrained settings.

7 Preliminary Evaluation

A preliminary evaluation of the prototype covered structural performance, dimensional compatibility, maneuverability,
and subsystem integration, providing baseline engineering evidence prior to standardized validation. Quantitative
outcomes are summarized in Table 4.

Table 4. Preliminary engineering evaluation results

Performance
Parameter Evaluation Method Result Remarks

Compatible with
Overall system width Physical measurement 420 mm constrained
environments
Approximately 81-94%

Component cost

Manufacturing cost X ~Z1,500 lower than conventional
analysis .
wheelchairs
Static structural load Incremental loading 110 kg N? visible structural
failure observed
Minimum design Design specification 60 kg Minimum intended user
payload payload
Combined caster rating Man_ufactyrer 500-600 kg Rating applies to caster
specification assembly only
Minimum demonstrated Mock-up evaluation 500 mm Successful caregiver-

aisle width assisted navigation

7.1 Structural Load Verification

The prototype was designed to safely support a minimum user payload of 60 kg. Static load checks were performed by
incrementally loading the seat pan to 110 kg and inspecting the frame, seat, joints, and fasteners. No permanent
deformation, cracking, or fastener loosening was observed. This result indicates a preliminary structural margin above the
minimum design requirement; however, the maximum allowable payload of the complete system has not yet been
established and requires standardized structural validation.

7.2 Maneuverability and Deployment Metrics

Maneuverability was assessed through preliminary functional evaluation in a representative constrained environment.
With its 420 mm overall width, the prototype successfully navigated a 500 mm mock-up aisle, enabling caregiver-assisted
movement and directional changes within the available clearance — a space generally unusable by conventional 600—700
mm wheelchairs. The swivel-caster mobility base provided smooth multidirectional movement and secure positioning
during assisted transfer. Comprehensive quantitative characterization of turning radius, traversal time, and deployment
time is deferred to future work.

7.3 Preliminary User-Assisted Functional Evaluation

A preliminary user-assisted functional evaluation was conducted during prototype demonstration and handling activities
at ALIMCO, focusing on the operational interaction between user, caregiver, and system during representative indoor
mobility and transfer scenarios. Rather than a formal clinical usability study, the evaluation was intended to verify
functional integration of the developed subsystems and identify practical design improvements.
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Observations indicated that the compact configuration facilitated caregiver-assisted maneuvering in confined spaces with
satisfactory stability; the four subsystems functioned cohesively without interference or instability. Informal feedback
valued the compact dimensions and simple operation, and identified refinement opportunities: weight reduction, improved
long-term seating comfort, and validation under repeated loading. Standardized usability assessment with larger cohorts
remains future work.

8 Results and Discussion

8.1 Key Contributions

The proof-of-concept system demonstrates that substantial gains in accessibility and affordability can be achieved through
dependency-driven systems engineering rather than increased structural or functional complexity. The prototype achieves
an overall width of ~420 mm (a 35-40% reduction versus conventional wheelchairs), enabling operation in confined
environments such as residential washrooms, hospital corridors, and railway coaches, at a fabrication cost of ~X1,500 —
an estimated 81-94% reduction that substantially improves accessibility in resource-constrained settings.

Beyond the artifact itself, the principal contribution is the methodology: integrating HCD, frugal engineering, and a
quantitative DSM enabled systematic translation of stakeholder requirements into specifications, followed by
decomposition, coupling assessment, clustering, and sequencing, with explicit traceability from user needs to design
decisions. The preliminary evaluation provides proof-of-concept — not certification-level — evidence that dependency-
aware optimization improves usability while preserving simplicity, affordability, and manufacturability, and the
framework transfers to other assistive technologies for constrained and resource-limited environments.

8.2 Broader Impact

Table 5. Comparison with conventional wheelchair systems

Conventional Proposed Assistive

Performance Attribute

Wheelchair Systems

Mobility System

Improvement

Overall width

600-700 mm

~420 mm

35-40% reduction

Manufacturing cost

¥8,000-%25,000

~X1,500

Approximately 81-94%
lower cost

Navigation in 500 mm

Generally not feasible

Successfully

Improved accessibility

aisle demonstrated
Railway aisle Limited Compatible with 500 Enhanced usability
compatibility 650 mm aisles

Aircraft aisle
compatibility

Generally incompatible

Dimensionally
compatible (=430-510
mm aisle envelope)*

Improved dimensional
compatibility

Mobility configuration

Large rear wheels with
fixed geometry

Four 2-inch 360° swivel
caster wheels (2
locking, 2 non-locking)

Improved
maneuverability in
confined spaces

Caregiver assistance

Limited integration

Dedicated caregiver
interface

Improved assisted
transfer

Table 5 summarizes the principal distinctions between conventional wheelchairs and the proposed system, which directly
targets the spatial, economic, and operational constraints of resource-limited environments. More broadly, the findings
reinforce that the effectiveness of assistive devices depends on the interaction between subsystem architecture, user
requirements, and operating environment — a principle, and a methodology, applicable well beyond wheelchairs to other
systems operating under spatial, economic, or infrastructural constraints.

8.3 Safety, Reliability, and Standards Considerations

Because the system is intended for vulnerable users, safety, structural reliability, and material durability are primary
concerns. The relevant international benchmark is the 1SO 7176 series — notably ISO 7176-1 (static stability), 7176-3
(brakes), 7176-7 (seating and wheel dimensions), and 7176-8 (static, impact, and fatigue strength) (ISO, 2014). The
prototype has not been certified against these standards; the load checks of Section 7.1 align with the intent of ISO 7176-
8 but do not constitute compliance testing.

Three risk areas are identified: (1) the wooden frame and monobloc seat require fatigue and environmental-durability
assessment (moisture exposure, joint loosening under repeated loading); (2) the caster base reduces directional stability
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on ramps and uneven surfaces, so wheel-lock provision is required before unsupervised deployment; and (3) aircraft-cabin
use would require compliance with airworthiness and cabin-equipment regulations and is presented strictly as a
dimensional-compatibility finding. Healthcare claims are accordingly restricted to short-duration, caregiver-supervised
transfer pending standardized verification, via a staged pathway: 1ISO 7176-8 static/impact/fatigue testing with finite
element analysis of the frame; stability and braking assessment per 1SO 7176-1/-3; material durability trials under humidity
and cleaning-agent exposure; and regulatory consultation for transport contexts.

8.4 Limitations and Future Work

Several opportunities remain. Extending the DSM to component level would enable optimization of individual interfaces,
fastening strategies, and maintenance planning, while computational tools — finite element modelling, multi-objective
optimization, digital-twin assessment — can support refinement before prototyping.

The prototype targets caregiver-assisted mobility in confined environments; future variants should accommodate different
anthropometries and contexts through adjustable seating, alternative materials, and modular subsystem replacements, and
the framework should be tested on related mobility and rehabilitation devices.

9 Conclusion

This paper presented the design and preliminary engineering evaluation of a low-cost, compact assistive mobility system
for constrained and resource-limited environments, developed through an integrated HCD, frugal engineering, and
dependency-driven DSM framework. The proof-of-concept prototype — ~%1,500 in commercially available components,
420 mm overall width — addresses key limitations of conventional wheelchairs in affordability, spatial compatibility, and
caregiver-assisted operation. The quantitative DSM framework, with interaction-taxonomy coupling analysis, clustering,
sequencing, and explicit traceability to design decisions, provided a systematic basis for modularization and architectural
optimization.

The preliminary evaluation establishes technical feasibility, although the work remains a proof-of-concept rather than a
validated clinical device. Future work will pursue standardized structural, fatigue, stability, and durability testing per ISO
7176, formal ergonomic assessment, larger usability studies with diverse user groups, and regulatory evaluation for
healthcare, residential, and transport deployment. Beyond this prototype, the methodology offers a transferable
dependency-driven design framework for future assistive mobility systems.
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