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Abstract — Disassembly is a fundamental process necded for component reuse and material recycling in all assembled
products. Integral attachments, also known as “snap’ fits, are favored fastening means in design for assembly (DFA)
methodologies, but not necessarily a [avored choice for design for disassembly. In this paper, design methods of a new
class of integral attachments are proposed, where the snapped joints can be disengaged by the application of
localized heat sources. The design problem of reversible integral attachments is posed as the design of compliant
mechanisms actuated with localized thermal expansion of materials. Topology optimization technique is utilized to
obtain conceptual layout of snap-fit mechanisms that realizes a desired deformation of snapped features for joint
release. Two design approaches are attempted and design results of each approach are presented, where the
geometrical configuration extracted from optimal topologies are simplified to enhance the manufacturability for the
conventional injection molding technologies. To maximize the magnitude of deformation. a design scheme has been
proposed to include boundary conditions as design variables. Final designs are verified using commercial software

for finite element analysis.
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1. Introduction

Driven by mereasing social pressure 10 heighten
environmental consciousness, design for disassembly
has become one of the most significant challenges n
the modern product design process. This is especially
bue in the consumer electronics industry due to high
production volumes and characteristically short time
scales of technological obsolescence. A novel and
etfeclive way to enhance the disassemblability of products
15 1o embed a desired disassembly process in the
products when they are manufaciured [21, 5, 33).

Integral snap-1 auachments [30, 31, 16, 8] have becn
widely used as substitutes for separate fasteners for the
purpose of design for assembly (DFA) (3. 22]. However,
snap fits are not necessartly a favored choice for design
for disassembly since they are often difficult to disengage
withoot inherent destruction of the components [[7].
While some snap-[tts are designed to be reversibie {e.g.,
battery covers for cellular phones). auxiliary forces in a
direction different from the insertion direction are
usually required in order to unlatch the snapping
teatures. The application ol this disenzaging force can

“Corresponding author:

Tel: +1-734-763-3875

Fax: +1-734-647-3170

Homepage: hp://www-personad.engin.umich.edu/~kazu/
E-mail: kazu@uamich.edu

be a problematic process. For instance. the location
where the force is applied needs to be physically
accessible. If an integral snap-fit is inside a mechanical
system surrounded by other components, it can be
disassembled only after the disassembly exposes the
location to apply [orce. Furthermore, the auxibary force
can interfere with removal force, which is usually at a
different locatton and in a difterent direction.

The motivation of this work is to develop an enabling
technology for product-embedded disassembly by
designing a new class of reversible integral attachmenis
{RIA) that can be detached by the application of
localized heal. According to |8], a snap-fit mechanism
is composed of two tunctional units: a deflection
mechanism and a retention mechanism. The proposed
design methods ulilize thermal expansion of materials
o induce the deformation of deflection mechanisms
(latch), thereby releasing the engaging joints (calch),
and require no special materials or manufacturing
technologies. An advantage of heat activation is that it
can be applied through heat conduction in materials,
such that the physical accessihility of the application
location is not necessarily required. The 1aterference to
the removal force is also desirably avoided.

Two approaches are attempted tn this work. One
approach involves both engaging components of the
snap-fit mechanisms, making use of thermal expansion
of one component to indirectly apply force to the
deflection mechanisms in the other component and
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cause favorable deformation 1o disengaging the locking.
The second approach proposes to directly heat the
deflection mechantsms at a certain location to cause
disengagement by thermally induced deformation. h
will be shown that these (wo approaches are proposed
according to each individual design considerations and
have their unique advantages. This work demonstrates
the results Irom topology optimization techaiques can
be used to inspire the design layoul and optimal
geometrical configuration are extracted and simplified
to enhance manutacturability. The simplificd designs
are then verified through tintte element thermal-
mechanical analysis using commercial software ABAQUS.
Finally, in order to improve the problem of relative
small deformation, a design scheme with variable
boundary conditions has been proposed. In this improved
approach, heat sink is considered along with heat
source 10 increase lhe temperature differences as needed.
The location of heat sink and heat source are optimized
as discrete variables using genetic algorithm. The obtained
result shows a dramatic improvement of performance.

2. Background

2.1. Design for product embedded disassembly

Academic investigations into the concept of “design
for disassembly” began in the late 1980s. largely driven
by successes with “design for assembly™ earlier in the
decade. Unfortunately, many guidelines suggested by
the “design lor assembly™ meihodology do not apply 10
“design for disassembly,” for instance |17, 14, 13, 9]

» Rapid attachment fasteners employed in assembly
may not be suitable for disassembly. For cxample,
glue can be used to easily join two plastic parts, but
the resulting joints cannot be detached without
damaging both parts.

* Products designed for assembly may nol allow easy
access to the specific components to be recovered.
For example. a product may require the removal of
100 components 1o reach one component with high
recychng value. In such cases, disassembly may not
be economically feasible.

* The condition of products at disassembly may be
different from he conditions under which the
products were initially assembled. For example,
wear or cotrosion may make bolled joints extremely
hard to detach,

* Due to the significant spatial and emporal distance
between the assembly and disassembly processes. it
may not be immediately obvious how to disassemble
a part.

* Parts that appear similar may require completely
different approaches to disassembly.

Efforts to overcome these disassembly obstacles through
the concept of “product-embedded disassembly” or
“self-disassembly” have recently started appearing in
the literature. Product-embedded disassembly gives a
product the ability to take itselt apart. Chiodo e7 af. [5]
demonstrated the feasibility of a self-disassembly strategy
for consumer electronic products using fastener screws
made of shape memory polymers. Masut ef af. |21]
demonstraied the self-disassembly of a CRT using
nichrome wire embedded in the component glass along
the desired boundary for separation. Although these
examples were effective in the panicular cases presented,
both methods lack generality since they require the use
of specialized and costly materials such as shape
memory palymers.

2.2. Design of compliant mechanisms

Since the deflection mechanisim part of a snap-fit is
basically structural component, which functions by
elastic deformation during engagement or disengagemen!
of the locking. it can be recognized as a special case of
compliant mechanisms. A compliant mechanism is the
type of mechanism that relies on the deflection of
flexible members to transfer motion, force or energy.
Design methods of compliant mechanisms have been
studied by many researchers [I1). While most of
simple-geometry compliant mechanisms are derived
from their conventienal counterpart, in this work we
have attempted to accredit a specific design approach,
topology optimization, as inspirational tooi to enlighten
the possibility of a more systematic design scheme in
the future. Even though the purpose of this paper is to
inroduce new designs of snap-fits. for completeness of
the presentation topology optimization for compliant
mechanisms is reviewed in this section'. Topolog
optimization based on homogenization design method
[2) is a continuum synthesis approach of designing
compliant mechanisms |1, 26, 23, 7). Thermal actuation
has attracted quite much attentions 1n  compliant
mechanism designs for inany advantages |27, 32, 19).

There are (wo basic design requirements tor compliant
mechanisms: flexibility and suffness. To transfer motion
with elastic deformation, complaint mechanisms are
required to favorably deform in order to provide oulput
displacement in desired directions. This requirement is
measurcd by the concept of muatual mean compliance
(MMC) |24, 12] in linear elasticity theory. In order to
wansler force and resist reactive force, a compliance
mechanisim needs to have strength under forces in
certam directions. This requirement is measured by mean
compliance (MC). These measures arc mathematicalty
formulated as cnergies based on the principle of virtual
work [23]. Fig. 1 shows the three loading cases that are

"For detailed technical description of topology eplimization technigues used in this work., interested reader should refer to other publications

by the authors.
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Fig. 1. Loading cases considered for design critevia.

considered for these encrgy formulations. Among these,
the first loading case represents the loading methods.
For conventional mechanisms. an input force is applied
and generates displacement fields u'"’. In the design of
thermally actuated compliant mechanisins, displacement
field is caused by a temperature change V@, which can
be achieved by either a umiform heating or a time-
transient heating effect. The dummy load in second
loading case is combined with first loading case to
formulate MMC, and Lhe dummy load in third loading
case ensures the stiffness of the mechanism.
Mathematically, MMC and MC can be expressed as:

MMC=a(u'”, uy=[ e'(u")-s240Q
“u

=L e'(u'): C":e(u)d Q2 (1)
)

MC=a(u"”, u""):J'“ e’ (). C"e(u™M)dQ

where ", i=1,2,3 are the displacement fields in the
three loading cases illustrated in Fig. [, e and s are the
corresponding strain and stress tensors, and C7 is
fourth order tensor of homopenized material constants.
€2 denotes the extended design domain and af,)
represents the bilinear operator.

The topology oplimization problem is formulated as

a problem of finding the optimal distribution of

material properties tn an extended fixed domain €
where some structural cost function is minimized. The
design variables are the values of some density

characteristic function & over . Both requirements of

flexibility and stiffness are formulated nt the topology
optimization problem as a mulu-objective function.
The mulu-objective function is formulated as:

il) ()
PN Da)
nmax -’(:—m =

P afw’,m )

Subject 10
(a) a(u, u“’):_[ﬂ . o' i=1,2.3 (2)
(b V=] (1-8)Q<v
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Case (2)
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where (a) represents the equilibrium equations for the
threc loading cases, (b) is the volume constraint and (c)
is the bounds for design variables. In solving the
problem. the extended design domain s discretized
with finite elements and evaluation procedure s
composed of linear static mechanical analysis, which
does not requirc particular input values of loading
condiions in such aon optimizalion problem. This
homogenization method based topology oplimization
lechnique has been proved successful 1o design
continuum type of compliant mechamsms. In this work
this method is further utilized to conceptually design
components of snap-fits mechanisms.

3. Approach I: Two-component Design

3.1. Motivation

in a previous effort of producing environmental
conscious (ECO) designs, a heat-activated snap-fil
mechanism made of recyclable matevials (18] had been
designed, in which specially designed composite material
{material with negative thermal expansion coefficient)
was used to induce a desired deformation from a global
temperature change of the structure. However, if only
traditional materials, i.e., materials with positive thermal
expansion coefficient, are to be used for this type of
application, a wnilorm temperature increase does not
guarantee  an  appropriate mechanism  function.
Furthermore. unnecessary heating may cause problems
during operation. For example, a uniform temperaturc
change is not trivial to obtain considering the various
environmental and operational conditions. Another
challenge could be that the increase of lemperature may
cause unwanted heating to neighboring componenls,
which may even cause damages. A solution can be Lhe
utilization of focal heating (o gencrate partial thermal
expansion of the mechanism.

[Yue 10 heat conduction in malerials, localized heating is
limited to a certain time period. The topological design
techniques for compliant mechanisms can be expected
(0 take temperature change or force as actuation. The
first approach is 1o separately design the component {0
be heated and the component (hat needs to deform
(deflection mechanism). To conceptualize design
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Fig. 2. [Nustration of Two-component design.

specification. & localized heating can be approximated
by a uniform temperature change i a ocal portion of
the mechanism. Since lhermal siress can generate
significantly large output force. when two component
physically contact with cach other, the output generative
force of the heated part becomes the 1nput force to the
deflection unit. This design idea is illustrated m Fig. 2.
A and B are the two components which are locked
through snap-fit locking. The so-calted thermal force
applicator (TFA) is the heated part of B, which provides
an input force to the deflection unit (in A) and causc
the disengagement of locking (deformation shown as
by dash lines). Since high temperature distribution is
expecied to be concentraied in TFA, the heating is
approximaicd 1o be uniform emperature change in TFA.

3.2. Design of TFA and deflection mechanisms
TFA needs to be designed to maximize the output

4 %
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Fig. 3. Topology optimizaton for TFA,
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Fig. 4. Topology optimization of deflection unit.

{b) Topology optimization result

(b) Topology optimization result

force and part A needs to be designed to deformed in
Lthe desirable manner as shown in Fig. 1. Therefore two
separate topology optimization problem need 10 be
solved. Each problem is formulated according to these
requirements.

Design of TFA is to find optimal layout in the design
domain (Fig. 3(a)), 10 achieve maximum output force at
the top i the vertical direction when the wholce
material is heated uniformly. Due 1o symmetry of the
mechanism, half of the design domain is considered. In
designing actuator type of compliant mechanisms or
actuators, the required stiffness is in the opposite
direction of required displacecment. The optimization
problem s formulated as in Eqn. (2) with the unitorm
temperature change in solving Eqn. (Za) when i=1
ti18]. the optimal configuration is obtained as shown in
Fig. 3(h). In order to enhance manufacturability,
sunplification scheme is applied to the optimal con-
figurations. Since the major manufacturing processes
considered here 1s the economic injection molding, the
simphificavons  have been conducted by removing
materials which may cause internal cavities and re-
shaping of structural members to avoid negative angles
in molding. Accordingly, the geometry result has been
extracted as in Fig. 3(c).

In designing detlectton mechanism. besides the
disengagement deformation under input force, there is
also a suflness requirement such that the mechanisms
provide maximum retention force. The design domatn
wilh these design criteria is shown in Fig. 4(a). Optima)
layout is found using problem formulation for compliant
mechanism [23] in Fig. 4(b) and the extracted geometry
result is shown in Fig. 4(c).

{c} Geometry result

(c) Geometry result
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{a) Integrated design

Fig. 5. Result of Two-component design.

3.3. Design verification

[n Fig. S(a), TFA and snapping mechanisms are
integrated together to illustrate the final design. Even
though uniform temperature change was assumed while
TFA is designed. it can approximate the effect of local
heating during a limited heating time. Boundary heating
and heat conduction in the matertals is more realistic in
real applications. Therefore, the verification of the design
is conducted using time transient analysis. It is done by a
time transient heat transfer simulation followed by a
thermal-stress  analysis  with commercial softwarc
ABAQUS. This procedure is called a sequential thermal-
mechanical analysis in fintte element simulation |10].
The deformed plot along with lemperature distribution
contour plot 1s shown as Fig. 5(b). (Note: the geomelry
of the engagement has been modified in FEM simulation
1o avoid the usage of contact elements.)

[n this verification, material properties are chosen as
be close to those of a common thermal plastic material
Polypropylenc: density p=930 kp/m’. thermat conductivity
A1=0.22 J -(smK)™', specific heat c=19E3)-(kg K ',
Young's modulus £=1.1 GPa at room temperature
20°C and E=0.2 GPa at 120°C, Poison’s ratio v=0.45,
thermal expansion coefficient @=8.0E—S(K)™'. Values
of £ between the 20"C and 120°C are simulated using
an exponenttal function and the temperature dependency
of the rest of material properties are ignored.

Initial temperature is sel to be 20°C and the heating
condition is fixed temperatore of 100°C at the heated
locatnon (shown in Fig. 5(a)), which is below the heat
distortion temperature. The size of the snap fit is about
10 cm in height, the heating time is abour 300 seconds.
The tnward deflection at the tip of hangover is
approximately 1 mm. However. in order to generate a
clear demonstration of the deformation. the deflection
is magnified by a factor of 10 in Fig. 5(b). In other
words, in real design the size of the locking feature
needs to be scaled down. This small deflection is
because of the limits of thermal expansion coetficient a
regular material has. Since the deflection is quite small,
it requires relatively large snap-fit size. Further
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{b)Verification with time transient analysis

imvestigation is needed to reduce the overall size of
snap-fit while achieving similar amount ol deflection.
Future work is proposed in the last section of this

paper.
4. Approach II: Single-Component Approach

4.1. Motivation

As discussed in the previovs section, including time
transient effect of heat transfer is more reahistic in
practical design problems. It is desirable to include this
consideration into the conceplual design stage. In other
words, temperature gradient can be taken into account
in the topology optimization process and design material
layout that can conduct heat in & favorable way, as well
as cause deflection in the prefened manner. Accordingly.
lopology optimization technique taking benefit of non-
uniform temperatare disttibution has heen developed.
One example 1s design of the so-catled “clectro-thermal-
compliant” (ETC) micro-actuators [32], in which the
non-uniform joule heating was generated through non-
uniform electric current. For the application of macro-
scale and simple heat source, topology optimization
technigue considering time transient eftect of heat transfer
has been proposed and developed®. In this case, non-
uniform temperalure distribution 1s caused by time
transient effect of heat conduction. For a snap-fi
mechanism, designing the detlection unit to be heated
during a certain period of time and deforms (o disengage
from the counter part can realize the idea of product-
embedded disassembly. Since the only part that needs
to be designed s the deflection wnit using this technique,
we refer to 1t as the single-component approach.

4.2. Design of heated deflection mechanisms

In designing the transient effecct in  deflection
mechanisms, the topology optimization problem is
formulated to find the opumal material distribution in
the extended design domain (Fig. 6(a)) to conduct heat
and cause deformation in favor of disengagement of
locking. The multi-objective optimization problem is

2For details on problem formulasion considering time transient etfect, refer to [ 191.
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Fig. 6. Design doman and result.

formulated similar as in Eqn. (2). However, in this
optimization problem, the displacement field of first
toading case (Fig. 1) is caused by a transient iemperature
distrnibution at a actuation time. Design domain along
with boundary condition and design requirements are
shown in Fig. 6(a). The opumization procedure comprises
of 1) an evaluation process, which is a finite element
simulation of time (ransient hcat transfer and thermal-
mechanical analysis, 2) a sensitivity analysis of both
thermal and mechanical responses and 3} a sequential
linear programming (SLP} optimization algorithms.
Topelogy optimization result of the design domain is
shown in Fig. 6(b). Although there are some intermediate
density values visible in the result. the basic fayout can
be extracted {shown in Fig. 6{(¢)) and easily understood
by engineering judgment. When exiernal heating is
applied. the outer region expands vertically more than
the inner region, which causes the hangover part to be
hfted in the upper and inper direction. At the same
time. the expansion of lower horizontal oriented member
further pull the inner region members to move downward,
which helps the mechanism to deform in a more
favorable manner. The triangular shape structure in the
center provides large stiftness while the matenal volume

Smm

{a) 3D CAD model

Fig. 8. Realized 3D model and venfication result.

{b) Topology optimization result

>

=

(¢) Extracted optimun layoyt

is lemited,

4.3. Simplification and verification

The extracted two-dimensional design is verihied using
ABAQUS simulation. Deformed shape and temperature
distribution are shown n Fig. 7. Atter the deformation
pattern is verified. more adjustment can be applied 0
the design in order to enhance manufacturabibity. Since
the final 2D geometry contains internal holes, it would
be difficult to be injection molded. To overcome this
difficulty, further simplification is conducted and the

Internal
Holes

Fig. 7. ABAQUS venification of 21 result.

{b) ABAQUS Verification of deformation
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{a) Saw Handle

Fig. 9. Cylindncal cantilever type snap-fit mechanisns.

21> geomeiry can be swept axially nto 3D 1o avoid
mtemal holes. Fig. 8(a) shows u three-dimensional CAD
model after the modification. Although the geometry is
further simplified, the basic functioning members still
remain and ABAQUS simulation verifies that the
desirable deformation pattern can be achieved (Fig.
&(h)). In this verilication, same material as described in
section 3.3 is used. Simlar dimensions are used for
companson of results from the two approaches. Actuation
time 1s chosen as 500 seconds. The inward deflection at
the tip of hangover is approximately 0.5 mm. which
means in application, the hangover size should be
about 0.5 mm in order to achieve disengagement. And
the displayed deformation (Ifig. 8(b)) is magnitied with
a lactor of 20 for clear demonstration. Again, the
achieved dellection is quite small compared with the
overall size of the snap-fit. This 1s a big challenge o
the proposed design method. In section S, we propose
several solutions to this problem.

In fact snap-fit mechanisms with similar geometry as
the 3D moldable design have been widely used in
practice. For instance, the cylindrical cantilever type of
snap fits used to integrate saw handles and mirror patch
covers (Fig. 9). These existing snap fits are usually
difficult to disengage. If the mechanism presented in
this paper is introduced. it could make a significant
difference in product disassembly. Furthermore, since
heat can applicd through heat conduction in materials,
this type mechanism can solve the disengagement
problem ot [ar-from-reachable integral attachments.

5. Design Scheme With Variable
Boundary Conditions

As mentigned earlier, the thermal expansion induced
deflection is very limited, due to the Jimilation on
thermal expansion coefficient of regular materials (Oess
than 1.0E-5 K™"). According fo the design verifications
n this paper, the ratio of hangover size to snap-fit size
18 in the range ol 0.005~-0.01. Therefore this design
conceptl is only applicable to those snap-fits of relative
large size, fairly small locking features or tight mating
tolerance. To turther investigate this problem, we have
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{b) Mirror patch cover

attempted (o relax the design specifications.

First. heat sink can be used. which means. whilc
some portion is heated and expands, some other portion
of the mechanism can be cooled and shrink. This eftect
is similar to increasing thernmal expansion coefticient or
applying higher temperature, therefore can help increase
the deflection. Secondly the deformation can be sensitive
to the locatton and intensity of heating and cooling, so
that the boundary location where to put heat source and
heat sink can be design vanables rather than fixed
boundary conditions.

To further refine the presented design approach,
especially the single component approach. we propose
a design scheme, which optimize not only the layout
and topological features but also the specificaton of
bonndary and foading conditions. This has been realized
by the decomposition of optimization procedure according
1o separate lypes of design variables: density variables
and boundary variables. Tn other words. il 1s true that:

min f{a,b)=min[min /1e.h)] (3
wtb b

where « and & stand for the set of design variable
associated with topology optimization and those ol
boundary and loading condition respectively. A similar
design approach had heen used to design optimal shape
and location of piezoelectric materials in (lexiensional
actoators [20].

As illustrated in Fig. 10, the optimization procedure
consists of two layers of optimization, an inner loop of
topology opumization (shown with line arrows) and an
outer loop of optimization on boundary conditions (shown
with block arrows). Since wpology optimization chniques
deal with finite element model, the design variables in
the outer loop arc discrete varniables. Therefore, genetic
algorithms has been used as the optimization algorithm
the in the outer loop. while sequential linear programming
is uscd i the mer loop. In this work, commercial
softwarc 1ISIGHIT 15 used 1o integrate the two layers of
optimizauon as well as mmplement genetic algorithm
optimization.

Consider the design domain in Fig. I1(a). only half
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Fig. 10. Improved design scheme.

of the symmetric domain is shown for snap-fit design.
Since the primary goal is to maximize the deformation,
the only objective used in topology optumization and
boundary optimization is the maxmum displaccment
in the disengagement direction, i.e. maximum mutual
compliance. The reason for this modification to previous
objective function can avoid possible dominance of
contribution by over-stiffness. To ensure the snap fit have
necessary structural components, a non-design domain
(shown in gray color) is pre-defined. During the new
optimization process, topology design (the big question
mark) is solved in the inner loop, which is similar to
approach 2, and boundary or loading conditions (1wo
small question marks) are solved in the outer loop. In
this work, we used Lhree design variables associated
with the specification of boundary condition as shown

Direction of
Desired Displ.

(a) Design Domain

Fig. 1. Design of topology and boundary condirions.

in Fig. Il(a). Assuming the heat location start at the
lower right comer of the design domain, the design
variables are:

* The length of heated portion
» The starting location of cooled portion #,
* The length of the cooled portion /,

Since they arc incorporated in the finite element
model, they all have discrete values. The following
constraints have to be mmposed on these variables to
avoid boundary conflictions:

n > [h
n+l <L,

where 15 is the length of the design domain.

The heating temperature is 100°C as in previous
examples and the cooling tempesature is chosen to be
20°C, After the integrated topology-boundary optimization
process, the optimal configuration has been found as in
Fig. 11{(h). The values of optimal boundary conditions
are:

B b Dy b B,
[/I - 20L[)7 .= 20"’/)' Ir - ZOLD

Similar to previous sections, simplification is conducted
lo eliminale intermal holes and excessive geometries as
well as smoothen the shape of the structure. The final
optimal design and optimal boundary condition is
illustrated as in Fig. 12.

Verification result with ABAQUS is shown in Fig. 13
with a magnification factor of 2.5. With the same
material properties as in previous examples, this design
provides a deflection-to-height ratio of (1025, which is
a 150% increase to the designs in previous sections.
(The expansion of the horizomial bar at the bottom
contributes a 70% increase out of the 150%.) Even though
this ratio is still less than ideal, it demonstrates a big

(b) Optimal Configuration



Ying Li, et af.

CooL HEAT

Fig. 12. Final design with specified conditions.

Fig. 13. Verification resulv of design with variable boundary
conditions.

design improvement by giving more design freedoms.

6. Conclusions and Future work

In this paper, we proposed a method for design of a
new class of reversible inlegral attachments mechanism,
which 1s activated by localized heat. Two design
approaches based on topology optimization technigue
lor compliant mechanisms are proposed and individual
design results are presented. Combining both approaches,
design flexibilities can be provided while practical
preblem is encountered.

* Two-component approach separates the heated part
and dcllected umit, while the deflection unit is
heated directly with single-component approach.
This allows the designer to consider different material
selections to each component and make good use of
special material properties according to different
needs.

* Heat source is applied externally to the snap-fit
when disengagement is needed. Two-component
design is heated from the top, while single-
component design was heated from the bottom.
Designers can choose to apply heat at the location
that 1s easily accessible.

The designs n this paper represent our preliminary
attempt towards the effective utilization of localized
heat in the application of design for disassembly and
serve as a promising start for further investigations.
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First of all, the idea of shrink-fit [25] can be
incorporated to overcome the problem of small dellection.
If we considercd the temperature change of surrounding
areas of a snap-fit, the thermal expansion of the outer
region can help adding up the gap between two locking
components. This principle is very similar o that of
shrink-fits assembly process. where one component (with
a hole) ts heated and expands to fit into another
component (shalt). However, for typical shrink fit. the
tolerance is extremely small, and disassembly is barely
possible. Combining both snap-fit and shrink-fit features,
a hybrid type of assembly mechanisms can be designed
and inherit benelits from both features. such as the easy
arrangement ol snap-fit. high joint stiffness of shrink
fit. and disengaged uvsing localized heat.

Secondly, in this paper, only conduction is considered
in the heat transfer analysis. Other heat transfer types
such as convection and radiation are omitied because
the less significant contributions to temperature change.
For a more sophisticated design, their influences can be
included inwo the design evaluation.

Thirdly, the oblaied optimal designs in this paper are
based on the criteria of self-disassembly and retention
support. However, there are many other evaluation
metrics [ 28] that should be considered inlo design criteria.
These metrics can be mathematically formulated into
the topology opltimization problem. Engineering designs
have always had multiple criteria. The optimization
problem can reflect these design considerations by
more carefully elaborated multi-objective function. For
example the locking ration can be included inwo the
oplimization by using another mutual mean compliance
term formulated between the loading cases of insertion
force and dummy load in the direction of desired
engagement deflection. In addition, the actvation time
in this presented work has been chosen as to induce
significant temperamre gradient. It is generally determined
by material thermal propertics, intensity of heal source
and environmental condition. A further study can also
take actvation time as a design parameter for more
preferable practice.

Thirdly, in the aspect of optimizanon methods, genetic
atgonthim (GA) based topology optimization techniques
have been developed and improved to address variable
boundary problem [4, 15, 29]. [n a further work. GA
can be implemented 10 substituie the  two-layer
optimization procedure.

Finally, engineering designs need refinements and
justifications 1n shape and dimension according to
individua) applications. Optimization of control points [6)
and control parameters, combined with FEA evaluation
process, can be applied to further improve performance,
reduce stress concentration, and achieve final optimal
designs.

In summary. this paper proposes to apply the time-
transient effect of heat transfer tn attachment integral
design. In other words, non-uniform temperature change
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and thermal expansion can be achieved within a certain
time period while the mechanism is heated locally. It is
expected that. with further study for improvement. the
proposed design method can create a new class of snap-
fits, which can be adopted in a wide range of products in
order to realize the products with an embedded
disassembly means for component reuse and material
recycling.
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