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Abstract
Consumer mechanical products commonly contain components with markedly different service lives.
Bearings, seals, switches, belts, gears, springs, batteries, brushes, cables, handles, and other wear-prone
elements may require replacement while the structural body of the product remains technically
functional. When these components are inaccessible, permanently bonded, dependent on proprietary
tools, or unavailable as spare parts, comparatively minor failures can lead to premature replacement of
the complete product. Design for Repair (DfR) addresses this problem by incorporating repairability
directly into product architecture. This conceptual-methodological study develops a repair-oriented
framework for durable consumer mechanical products based on modularity, target-component
accessibility, reversible fastening, standardized tools and interfaces, fault diagnosis, replaceable wear
components, reassembly capability, technical documentation, spare-part provision, and safe user or
technician intervention. Circular-product research identifies repair and life extension as important
strategies for slowing material-resource loops, while empirical work on disassembly demonstrates that
access depth, fastener type, tool requirements, and disassembly time materially affect repair feasibility.
A scenario-based analysis compares progressively repair-oriented product architectures through
simulated disassembly depth, repair time, and reassembly-success indicators. Because no physical
consumer product was supplied for teardown or testing, all quantitative values are explicitly illustrative
rather than empirical. The analysis indicates that repairability improves most strongly when frequently
failing components can be reached through short, nondestructive disassembly sequences and replaced
without disturbing unrelated assemblies. The study concludes that technical repairability must be
supported by an operational repair ecosystem involving diagnostics, documentation, replacement parts,
economically reasonable repair procedures, and predictable reassembly. DfR should therefore be treated
not as an end-of-life feature but as a primary mechanical design requirement capable of extending
functional product life and preserving embedded material and manufacturing value.

Keywords: design for repair, consumer mechanical products, repairability, product longevity, modular
design, reversible fastening, design for disassembly, circular product design

1. Introduction

Consumer mechanical products rarely fail as complete systems at one moment. More commonly, a
localized component or interface loses functionality while substantial portions of the product remain
serviceable. A drive belt may wear, a bearing may develop excessive clearance, a seal may leak, a
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switch may fail, or a mechanical joint may loosen even though the housing, frame, motor assembly,
gears, and other components remain usable. When such failures cannot be corrected economically, the
complete product may be replaced despite retaining considerable functional and material value. Circular-
product research therefore distinguishes product-life-extension strategies from downstream material
recycling and identifies repair as one mechanism for slowing the rate at which products and materials
leave active use.

The mechanical architecture of a product strongly influences whether localized failure leads to
repair or replacement. Repair becomes difficult when the target component is positioned deep within the
assembly, concealed behind unrelated modules, secured with permanent adhesive, joined through
destructive snap features, or accessible only with specialized proprietary tools. Research developing the
ease of Disassembly Metric demonstrated that disassembly effort can be quantified through the sequence
of required actions and that disassembly time is relevant to the economic feasibility of repair, reuse, and
remanufacturing. Later work developing the Disassembly Map further emphasizes that frequently failing
or otherwise important target components should be made readily accessible and that disassembly depth,
tools, fastener reversibility, and required time are important design considerations.

Fastening decisions illustrate how apparently small design choices can influence the repair
pathway. Screws, bolts, clips, snap fits, adhesive bonds, press fits, welds, rivets, and integrated molded
connections differ substantially in reversibility, strength, access requirements, tool dependence, and risk
of damage during removal. Peeters and colleagues showed experimentally that fastener architecture can
account for a substantial share of manual disassembly effort and demonstrated large reductions in
housing-disassembly time through redesigned fastener systems. For repair-oriented mechanical products,
the relevant question is therefore not simply whether a joint can be manufactured efficiently, but whether
it can be opened and restored repeatedly without compromising safety or structural integrity.

Physical access alone does not guarantee actual repair. A technically replaceable part may remain
effectively unavailable when failure cannot be diagnosed, spare components cannot be obtained, repair
procedures are undocumented, calibration information is withheld, or reassembly requires consumables
or tools that are inaccessible outside the original manufacturing environment. Research investigating
user repair behavior shows that repair decisions are shaped by interacting technical, value-related, and
motivational barriers rather than product construction alone. The repair ecosystem must therefore
connect product architecture with information, replacement components, skills, tools, and economically
credible service pathways.

This paper develops a conceptual-methodological framework for incorporating these
requirements into consumer mechanical-product design. The central argument is that DfR should begin
by identifying likely failure and wear locations and then designing the product outward from those repair
targets. Modularity, standardized reversible fasteners, direct component access, replaceable interfaces,
safe isolation, fault diagnosis, documented procedures, and spare-part continuity are examined as
interdependent design principles. Since no physical vacuum cleaner, appliance, power tool, kitchen
machine, personal mobility device, or other consumer product was supplied for empirical teardown, the
quantitative component uses simulated scenarios. These scenarios provide transparent propositions that
can later be tested through physical disassembly studies, time-and-motion analysis, technician trials,
lifecycle assessment, and controlled comparison of alternative product architectures.
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2. Objectives of the Study

2.1 To Develop an Engineering Framework for Repair-Oriented Product Architecture

The first objective is to establish a framework through which repairability can be considered during
conceptual and embodiment design rather than after product failure occurs. The framework begins with
potential failure modes and identifies components that are likely to require maintenance or replacement
during the intended product life. Product architecture is subsequently evaluated according to how
directly these repair targets can be reached.

The approach treats modularity as functional separation rather than arbitrary segmentation. A
genuinely repair-supportive module should isolate a recognizable function or wear mechanism so that its
replacement does not require disposal of unrelated working components. Earlier modular-design
research similarly describes lifecycle modularity in terms of independence between components and
lifecycle processes, including service and recycling.

2.2 To Minimize Repair Effort Without Compromising Mechanical Integrity

The second objective is to examine how fasteners, access routes, interfaces, and component arrangement

can reduce repair effort while preserving product robustness during use. Repair-oriented design should

not weaken mechanical joints or create unsafe user access merely to reduce the number of screws.
Instead, design should balance retention strength, vibration resistance, sealing, alignment, service

accessibility, tool requirements, and reversibility. Where safety-critical or environmentally sealed joints

cannot be user-serviceable, controlled technician access may provide a more appropriate repair pathway.

2.3 To Integrate Physical Repairability with the Repair Support System

The third objective is to extend repairability beyond product geometry by incorporating diagnosis,
documentation, spare parts, standardized interfaces, and reassembly support into the design
methodology.

A product that can be physically opened but cannot be correctly diagnosed or reassembled
remains only partially repairable. The proposed framework therefore evaluates repair as a sequence
beginning with fault recognition and ending with verified restoration of function rather than ending
when the failed part has been removed.

3. Review of Literature
3.1 Product Life Extension and Circular Mechanical Design
Circular-product literature distinguishes several methods of preserving value, including durable design,
maintenance, repair, refurbishment, remanufacturing, component reuse, and recycling. Bocken and
colleagues characterize long-life design and product-life extension as strategies for slowing resource
loops, thereby retaining products and embedded materials in useful service for longer periods. Den
Hollander, Bakker, and Hultink similarly argue that circular product design requires deliberate
preservation of product integrity and distinguish product-life-extension thinking from conventional end-
of-life material recovery.

Bakker and colleagues’ work on product-life extension also demonstrates that the most
appropriate longevity strategy depends on the product and its technological context rather than on a
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universal assumption that every product should remain unchanged indefinitely. Repair is especially
appropriate where the overall product retains functional relevance while specific components experience
localized degradation. Mechanical products containing wear components are consequently strong
candidates for DfR because their dominant failure mechanisms may be predictable during engineering
development.

The sustainability value of repair depends on actual life extension. If a repairable architecture is
never supported with spare parts or if users replace products for nontechnical reasons, theoretical
repairability may not translate into longer service. Product design must therefore support both technical
durability and continued functional relevance. This requirement is consistent with circular-design
frameworks that link long-life design with maintenance and repair rather than treating durability solely
as resistance to physical failure.

3.2 Disassembly Accessibility, Fasteners, and Repair Time

The repair process ordinarily requires partial disassembly. Complete disassembly is rarely desirable
because the goal is to reach a specific target component with minimum disturbance to functioning
assemblies. The eDiM methodology developed by Vanegas and colleagues quantifies disassembly effort
using manual task sequences and demonstrates that the time required for disassembly can provide a
reproducible design indicator.

The Disassembly Map builds on this logic by visually representing pathways toward specific
product components. Its central insight is highly relevant to consumer mechanical products: components
with greater likelihood of failure or repair importance should generally be positioned for easier access.
The method evaluates sequence depth, tools, reusable or reversible fasteners, and time rather than
judging repairability from exterior appearance.

Fastener research further illustrates the importance of joint selection. Peeters and colleagues
demonstrated that improved fastener strategies could substantially reduce disassembly time in consumer-
product housings. Other design-for-disassembly research similarly treats fastener selection as a
multidimensional problem involving assembly performance, in-use requirements, service, and later
disassembly. These findings support a central DfR principle: fastening should be designed not merely
for rapid initial assembly but for predictable, nondestructive reopening throughout the product's intended
life.

3.3 User, Technician, and Repair-Ecosystem Requirements

Repair is a socio-technical activity involving products, users, technicians, manufacturers, spare-part
suppliers, information systems, and economic conditions. Terzioglu's repair-motivation and barriers
model identifies numerous factors affecting user repair behavior and shows that reversibility, product
endurance, technical difficulty, emotional attachment, and perceived value interact in determining
whether repair is attempted.

This evidence indicates that mechanical DfR must differentiate among user-serviceable and
technician-serviceable components. A filter, belt, battery, blade, wheel, brush, handle, or detachable
cable may reasonably be designed for ordinary user replacement. A high-energy spring assembly, high-
speed rotor, pressure-containing component, or electrically hazardous assembly may instead require
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trained service personnel. Repairability should therefore increase safe access rather than indiscriminate
access.

Documentation and replacement components are equally important. A modular assembly
becomes practically irrelevant if the replacement module disappears shortly after the original product is
sold. Repair-oriented design should consequently connect part identification, exploded views, service
instructions, fault codes, compatibility information, spare-part numbering, and reassembly requirements
with the physical product architecture. The resulting system supports both professional repair and
appropriately scoped user repair.

4. Research Methodology

4.1 Conceptual-Methodological Research Design

The study uses a conceptual-methodological design synthesizing research on circular product design,
design for disassembly, repair behavior, modularity, fastening systems, and repairability assessment. It
does not represent an empirical teardown study or claim measured repair times from commercial
products.

The unit of analysis is the repair pathway to a mechanically relevant target component. A target
component is defined as a part, subassembly, or interface expected to experience wear, accidental
damage, adjustment demand, contamination, or other service requirement during the useful life of the
complete product.

4.2 Design-for-Repair Assessment Framework
Repairability is assessed through the relationship among failure localization, physical accessibility,

fastening, diagnosis, component replacement, and successful reassembly.

Table 1: Design-for-Repair Framework for Consumer Mechanical Products

. Typical Design . i -
DfR Domain yp . g Repair-Oriented Principle | Intended Outcome
Barrier
. Wear component Position likely service
Failure-target . P . _y Reduced
- buried behind targets near direct access .
accessibility . disassembly depth
unrelated assemblies routes
Multiple functions
Modular permanently Separate replaceable Localized
architecture integrated in one functional or wear modules replacement
assembly
Reversible Adhesives, destructive | Use reusable screws, bolts, Nondestructive
fastenin clips, rivets, or clips, or serviceable joints opening and
g inaccessible fasteners where appropriate reassembly
Tool Proprietary or Minimize tool changes and Lower repair
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DfR Domain

Typical Design
Barrier

Repair-Oriented Principle

Intended Outcome

standardization

excessive tool variety

prefer widely available
standards

complexity

Fault diagnosis

Failure source unclear
before disassembly

Provide inspection access,
wear indicators, fault
information, or test points

Reduced diagnostic
uncertainty

Spare-part
integration

Component
replaceable but
unavailable

Use identifiable replaceable
parts with defined
compatibility

Sustained practical
repairability

Assembly sequence

Provide safe service and

Lower error

Documentation

unknown reassembly information probability

Design isolation, alignment,
torque, and functional
checks into service
procedure

Reliable return to
service

Safety and
verification

Product can be opened
but not safely restored

The framework deliberately rejects the assumption that minimum component count always improves
repairability. Combining components can reduce assembly complexity during production while
simultaneously forcing replacement of a large integrated module when one low-value element fails.
Functional integration should therefore be judged against expected failure modes and service strategy.

4.3 Repairability Indicators and Scenario Model

Three conceptual indicators are used in the scenario analysis: Target Access Depth (TAD), Repair
Process Time (RPT), and Successful Reassembly Rate (SRR).

Target Access Depth can be represented as:

[ TAD=N_d ]

where (N_d) is the number of meaningful disassembly actions required before the target component can
be removed.

A conceptual Repair Effort Index may be expressed as:

[ REI=\frac{T_d \times T_t \times C_f}{A r}]

where (T_d) is normalized disassembly time, (T_t) represents tool complexity, (C_f) represents
fastening complexity, and (A_r) represents target accessibility.

The formula is not a standardized industrial metric. Its function is to formalize the proposition
that repair effort increases with time, tool requirements, and difficult fastening while improving with
direct access.

Five hypothetical product architectures were modeled: sealed/integrated construction, reversible
fastening, accessible wear-part design, modular architecture, and a comprehensive DfR system including
AJAMIR 56
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documentation and reassembly support. Numerical values were developed solely for conceptual
analysis.

5. Analysis

5.1 Target-Component Accessibility as the Core Mechanical Variable

The analysis identifies target access as a central mechanical determinant of repair feasibility. A failure-
prone component can be technically replaceable yet economically impractical to service if reaching it
requires removal of numerous unrelated components.

For example, replacement of a low-cost bearing may become uneconomic when access requires
removal of the entire housing, motor, electronic controls, wiring, and transmission assemblies.
Relocating the bearing carrier, introducing an independent service cover, or redesigning the shaft
support can increase initial design complexity while substantially reducing later repair effort.

The Disassembly Map methodology supports this target-oriented perspective because it evaluates
pathways toward repair-relevant components rather than only total product disassembly. The principle
can be summarized as follows: the expected service frequency of a component should influence its
architectural accessibility.

5.2 Simulated Repairability Performance

Table 2: Simulated Repair Performance Across Product Architectures

Product Disassembly Slmglatfed Simulated Repairability
Architecture Steps to Target Repair Time Successful Interpretation
P g (min) Reassembly (%) P
. Repair technically
Sealed/integrated 12 52 58 difficult and damage

construction
prone

Opening improved but
9 39 70 target remains
relatively deep

Reversible-fastener
design

. Routine service
Accessible wear-

. 6 28 81 components easier to
part design
reach
Modular functional 4 20 89 Local failure can be
architecture isolated and replaced

Access, diagnosis,
3 15 95 documentation, and
reassembly aligned

Integrated DfR
system
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Note: All values are simulated and are not measurements from commercial products, repair technicians,
or consumers.

The transition from sealed construction to reversible fastening provides an initial improvement
because destructive opening is reduced. However, the simulated repair time remains substantial when
the target component remains deep within the assembly. The largest functional benefit therefore comes
from combining reversible joints with deliberate component placement.

Modular architecture further reduces repair time because unrelated working subsystems do not
require disturbance. The complete DfR scenario performs most strongly because mechanical
accessibility is supplemented by diagnostic support and predictable reassembly.

Graph 1: Target-Component Accessibility and Repair Effort in Consumer Mechanical Products
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Interpretation: The bubble plot illustrates a simulated relationship in which repair time decreases as the
number of disassembly actions falls. Larger bubbles represent higher simulated reassembly success. The
graph therefore emphasizes that repairability depends not merely on being able to remove a component
but on being able to restore the complete product correctly after intervention.

5.3 Reassembly Is an Underestimated Part of Repairability

Repair-oriented design is frequently discussed through opening and disassembly, yet successful
reassembly is equally important. A product can be easy to open but difficult to restore if components
require ambiguous orientation, hidden alignment, disposable clips, inaccessible torque settings, complex
cable routing, or adhesive replacement.
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Reassembly should therefore be designed explicitly. Mechanical interfaces can use asymmetrical
locating features, keyed components, captive fasteners, visible datum surfaces, torque guidance, and
joints that provide clear tactile or visual indication of correct engagement.

Captive fasteners are particularly useful in some consumer products because screws remain
attached to the removable component rather than becoming lost during service. Their use must still be
balanced against cost, assembly requirements, and available space, but the principle illustrates how DfR
considers the complete service event rather than only initial manufacturing.

6. Discussion

6.1 Repairability Should Be Designed Around Failure Probability and Service Consequence

The first major implication is that all components do not require equal accessibility. Repair-oriented
architecture should be informed by failure-mode analysis. Components with predictable wear, exposure
to accidental damage, maintenance requirements, or comparatively short service intervals should receive
greater access priority than highly reliable structural components.

This principle prevents DfR from becoming mechanically inefficient. It would be unreasonable
to make every internal element independently accessible at the cost of excessive joints, size, mass, or
reduced structural integrity. Instead, repair effort should be proportionate to expected service demand.

The approach is compatible with research showing that repairability improves when important
target components can be accessed with shorter and simpler disassembly sequences. Failure-mode and
effects analysis can therefore become an upstream input into product-architecture decisions.

6.2 Standardization Can Reduce Repair Friction Without Eliminating Product Innovation

The second implication concerns fasteners, tools, and interfaces. Product designers sometimes use many
fastener types because different subsystems are developed independently or optimized exclusively for
assembly. The resulting product may require multiple screwdrivers, sockets, bit types, release tools, and
destructive operations for a single repair.

Standardization does not require every joint in a product to be identical. It instead seeks to
minimize unnecessary variation. A repair-oriented design may use one or two common fastener families
for routine service components while retaining specialist fasteners only where load, sealing, tamper
resistance, or safety justifies them.

Fastener research demonstrates that joint architecture can have a large effect on disassembly
time. Manufacturers can therefore evaluate fasteners not only through assembly speed and unit cost but
also through service time, reusability, and risk of damage.

6.3 Repairable Products Require a Repairable Business and Information System
The third implication is that engineering design alone cannot create sustained repair activity. A
mechanically replaceable component becomes practically non-repairable when spare parts, technical
information, or service capability are absent.

Repair-behavior research shows that users evaluate repair through multiple technical and value-
related considerations. This means that manufacturers seeking genuine life extension should align
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product architecture with parts availability, warranty practices, service networks, diagnostic information,
and reasonable repair pricing.

Such alignment can also support professional repair businesses. Products designed for
predictable disassembly reduce technician time and uncertainty. Lower repair labor can improve the
economic case for replacing a defective component rather than replacing the entire product. DfR can
consequently contribute simultaneously to material preservation and local maintenance activity.

7. Conclusion

Design for Repair offers a practical engineering route for extending the service life of consumer
mechanical products by preventing localized failures from causing complete-product replacement. Its
most important contribution is architectural: likely wear and failure components should be identifiable,
accessible, separable, and replaceable without destroying unrelated functional elements.

The framework developed in this study combines target-component accessibility, modularity,
reversible fastening, tool standardization, diagnostic support, spare-part compatibility, documentation,
safety, and reassembly. These factors should be designed together. A modular product with unavailable
components is not effectively repairable, just as a well-documented product with permanently bonded
critical parts remains mechanically resistant to repair.

The scenario analysis illustrates how reducing disassembly depth can theoretically lower repair
time while increasing the probability of successful reassembly. The numerical values are explicitly
simulated and require experimental validation. Future research should select representative mechanical
consumer products, identify dominant failure targets, measure actual repair and reassembly time,
classify fastener operations, record tool changes, quantify damage probability, and compare baseline
architectures with repair-oriented redesigns. Repair cost, lifecycle extension, user safety, and
environmental implications should subsequently be evaluated alongside mechanical performance.

The broader conclusion is that a repairable consumer product is not simply a product that can be
opened. It is a product intentionally engineered so that probable failures can be diagnosed and corrected
with reasonable effort while preserving the integrity of the remaining system. When repairability is
integrated at the beginning of product development rather than added after market release, mechanical
design can help preserve embedded materials, manufacturing effort, consumer value, and product
functionality for substantially longer periods.
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