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ABSTRACT 

This paper presents the design of new joints, heat-
reversible snaps, which allow easy, non-destructive, and clean 
detaching between internal frames and external panels in 
automotive bodies. It is expected to dramatically reduce the 
end-of-life environmental impacts of the aluminum space frame 
bodies, which currently suffer from poor material recyclability. 
While the assembly process is analogous to normal locator-
snap systems, the heat-reversible snaps can be unlocked non-
destructively upon heating the panel at a certain location, via 
the non-uniform thermal deformation of the panel. The 
optimum number and locations of the locators on the given 
panel are found based on the equivalent springs that represent 
the stiffness of the locator. Then, the locations of snaps and 
heating that ensure unlocking upon heating of the minimum 
area on the panel are obtained. Finally, a case study on an 
automotive fender panel assembly is discussed.   

INTRODUCTION 
Aluminum space frame (Figure 1) is considered as the next 

generation body structure [1, 2] due to its lightweight, 
improved rigidity, and design freedom realized by the 
separation of “bone” and “skin” [3]. They are also 
environmentally sound since the environmental impact (mainly 
CO2 emission) during the use phase of the vehicle is very low 
due to the improved fuel efficiency (32% of fuel savings) 
owing to its lightweight (40% lighter than steel body [2]). 
According to the previous results of life-cycle analyses [1, 4], it 
is essential to improve the recyclability of aluminum space 
frame bodies in order to compare with the steel bodies, which 
currently, have lower energy consumption for production and 
higher recyclability as a raw material. 
 

                                                           
* Corresponding author 
 
Figure 1: Audi Space Frame [5].   

 
One of the challenges in improving the recyclability of the 

aluminum space frame body structure is the clean separation of 
incompatible materials used in various body components, in 
particular, extruded aluminum structural frames and stamped 
(or sometimes injection-molded) external panels. In the current 
aluminum space frame bodies, joining between the internal 
frames and the external panels is achieved using permanent 
joints such as self-piercing rivets and resistance spot-welding. 
These permanent joints can only be detached destructively, 
inevitably leaving residues of mating materials that prevent the 
“closed loop” recycling of aluminum alloys. A study conducted 
by the Aluminum Company of America (ALCOA) [2] predicts 
that: if the current increasing trend of aluminum use in vehicles 
continues (which will further boost with the introduction of 
aluminum space frame bodies), there will be an abundance of 
unused cast aluminum, unless recycling to the same grade alloy 
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(“closed loop” recycling) becomes economically feasible. It is 
essential, therefore, to develop a joining method that allows 
easy, non-destructive detaching at a desired time.  

In this research, the use of heat-actuated reversible snap 
fits for automotive frame/panel assembly is proposed. While 
the assembly process is analogous to normal locator-snap 
systems, the heat-reversible snaps can be unlocked non-
destructively upon heating the panel at a certain location, via 
the non-uniform thermal deformation of the panel. The 
optimum number and locations of the locators on the given 
panel are found based on the equivalent springs that represent 
the stiffness of the locator. Then, the optimum snap and heating 
locations, which ensure unlocking upon heating of the 
minimum area on the panel, are obtained. While developed for 
automotive panel/frame assembly, the design method is generic 
and can be applied to different areas other than the frame/panel 
assembly. A case study on an automotive fender panel assembly 
is discussed.   

RELATED WORK 

Analysis and Design of Snap Fits 
Snap-fit is a preferred joining method for design for 

disassembly because: no need of extra parts for separation, 
easily assembled, can be disassemblable, reduces overall 
product cost and makes the recycling process more economic, 
and provides clean separation between frame and panel [6 - 8]. 
Early work on integral attachment design focused on the 
analysis of particular types of locking features such as 
cantilever hooks [9], bayonet-fingers [10], compressible hooks 
[11], etc.  More recently, Genc et al. [12 - 14] discussed a 
feature-based method to integral attachment design, which 
classified snap-fit features into three categories: locating 
features, locking features, and enhancing features. Luscher et 
al. [15] discussed a similar classification based on assembly 
motions. These works, however, did not address the reversible 
snap-fit designs that are actuated by thermal deformation.  

Design for Disassembly with Reversible Joints 
Easy-to-disengage joints can help reducing disassembly 

efforts, thus making the recycling process economically 
feasible. Chiodo et al. [16 - 19] demonstrated the self-
disengaging fastener screws made of a special Shape Memory 
Polymer (SMP) and compression springs for the eventual 
disassembly. Masui et al. [20] used nichrome wires embedded 
along the desired boundary of separation, for the active 
disassembly of CRTs. Although these examples were effective 
in the particular cases presented, both methods lack generality 
since they required the use of specialized and costly materials 
such as SMP.  

In our previous work, Li et al. [21], used topology 
optimization to design reversible integral attachments (snap 
fits) that can be detached by the application of localized heat. A 
metallic thermal force applicator (TFA), integrated with an 
engaging plastic part (snap-fit), is heated and the resulting 
 

thermal deformation induces the release of the snapped joint, 
through the transmission of the deformation of TFA to the 
plastic part. Later, researches utilized the localized heat without 
TFA, for better deformation characteristics [22, 23].  
However, because the unlocking motions of these snap designs 
rely solely on the local thermal deformations of the snap, this 
resulted in opening actions that are too small for practical 
applications. The new heat-reversible snap designs, presented 
in this paper, overcome this problem, by utilizing the 
deformation of the panel, whose thermal deformation is much 
larger than the snaps, as a main driver of the unlocking motion.  

HEAT-REVERSIBLE SNAP JOINTS 

Design Concept 
Figure 2 illustrates the design concept of heat-reversible 

snap joint. Figure 2 (a) is an internal frame structure with a 
catch (a thin plate with a square hole to which the snap locks 
into), and Figure 2 (b) is an external panel (backside shown) 
with locators to hold the frame and a snap, a wedge-like feature 
to lock into the catch. It is essentially a conventional locator-
snap system found in literature [24], hence the analogous 
engaging action is shown in Figure 3. The elasticity of the 
panel (and to some extent the catch), not the snap and locators, 
is exploited to enable the snapping action. This allows the 
locators to be stiff enough to meet the structural requirements 
of the joints, compared to the elastic cantilever snaps. Similarly, 
Figure 4 illustrates the disengagement of the panel from the 
frame. Upon the heat application to the panel (Figure 4 (a)), 
thermal expansion causes bulging of the panel, which in turn 
unlocks the snap from the catch (Figure 4 (b)). Then, the panel 
can be removed from the frame in a reverse manner to the 
engagement.  

 

 
Figure 2: heat-reversible snap joint: (a) frame with a catch 
and (b) panel with four locators and a snap. 
 

(a) 

(b) 

catch 

snap 

locators 
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Figure 3: Engagement of heat-reversible snap: (a) push, (b) 
slide, and (c) lock. 
 
 

 
Figure 4: Disengagement of heat-reversible snap: (a) heat, 
(b) unlock, and (c) slide and remove. 
 

Since the panel deformation is an integral part of the 
unlocking action, the number and location of the locators and 
snaps must be carefully designed to meet any structural 
requirement of the joints while ensuring the unlocking upon 
heating. Given the panel and frame geometries, the design 
proceeds in the following two steps: 

 
1. Locator design: Find the optimum locations of locators to 

meet the desired structural properties. 

(a) 

(b) 

(c) 

(a) 

(b) 

(c) 
 

2. Snap design: Find the optimum locations of snaps and 
heating zone for unlocking with minimum heating area.  

 
Although steps 1 and 2 should ideally be addressed 

simultaneously, doing so would require much computation, 
since each step involves the optimization using finite element 
analyses. Considering the primary function of joints is to 
satisfy their structural requirements, it is placed as the first of 
the two steps in this paper, which works fine as illustrated in 
the following case study. 
 
Locator Design 

Since several locators are required to securely attach a 
panel to a frame, their locations on the panel must be 
determined to meet the structural requirements, such as 
stiffness and vibration. Through optimization, the minimum 
number of locators and their locations are determined, which 
satisfy the constraints on the structural performances evaluated 
by finite element analyses:  

 

1
min  

s.t.   1. {0,1},   1,...,
       2. structural requirements are satisfied

n

i
i

i

x

x i n
=

∈ =

∑
  (1) 

 
where n is the total number of possible locator locations, and xi 
is a binary variable determining the presence (= 1) or absence 
(= 0) of a locator at its possible location. To avoid re-meshing 
of the panel during optimization, the possible locations of the 
locators are constrained to the nodal positions that will be on 
the perimeter of the frame upon the engagement. 

Since the structure properties during the joint engagement 
are of interest, the locators are replaced with equivalent springs 
between the panel and the frame at the corresponding locations.  
The properties of the equivalent spring of a locator are obtained 
by measuring the tip deflections of the locator in response to 
the unit load in in-plane and out-of-plane directions using finite 
element analysis, as shown in Figure 5.  

 

Figure 5: Measuring equivalent spring properties in (a) in-
plane and (b) out-of-plane directions. 
 
Snap Design 

In order to realize unlocking upon heating, the snaps 
should be located in the region of the panel where all required 

(a)

displacement 
measurement 

point 

force 

(b)

force 

displacement 
measurement 

point 
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motion constraints are satisfied and the out-of-plane 
displacement larger than the snap height. Assuming the catch 
can be placed at an arbitrary location within the frame, the 
feasible region for potential snap placement is first selected by 
inspection, based on the motion constraints of the panel. Within 
the feasible region, the heating location with the minimum area 
is then obtained, such that the out-of-plane deflection is greater 
than the snap height. Finally, the snaps are simply placed at the 
location of maximum out-of-plane displacement within the 
feasible region.  

The heating location is obtained by solving the following 
optimization problem: 
 

1 2 3 4

1 2 3 4

1 2 3 4

min  ( , , , )
s.t. 1. , , ,
     2. , , ,  are distinct
     3. mininum out of plane displacement within   

A
F

F h

∈

>

p p p p
p p p p
p p p p

  (2)  

 
where A is the area of the rectangular region on the panel 
defined by four vertices p1, p2, p3, and p4, F is the feasible 
region of snap placement on the panel, and h is the height of 
the snap (plus a small tolerance). 

CASE STUDY 
This section presents a case study on a simplified front 

fender panel of an automotive body shown in Figure 6. The 
size of the panel is approximately 600 mm by 1000 mm, with a 
thickness of 3 mm.  The panel is assumed to be injection-
molded from Nylon 66 with 30% glass, whose material 
properties are listed in Table 1. The frame is assumed as a 
hollow aluminum beam with a square cross section with 25 mm 
at external sides. 

The optimization problem in the first step is solved using 
discrete genetic algorithms [25]. Because this step involves 
geometry, geometric crossover [26] and uniform crossover are 
used at 70% and 30%, respectively. On the other hand, the 
optimization problem in the second step is solved using real 
coded genetic algorithms [27]. The parameters used in GAs for 
this case study are shown in Table 2. 

 

 
Figure 6: (a) simplified front fender panel and (b) internal 
frame.  

 

(a) (b) 
 

 
 
 

Table 1: Material properties for Nylon 66 - 30% glass filled. 
 

Property Name (units) Value 
Density (g/cm3) 1.36 
Elasticity modulus (MPa) 8500 
Poisson Ratio 0.36 
Melting point (oC) 260 
Thermal expansion coefficient (m/m.oC) 3.00 
Specific heat capacity (j/kg.oC) 1800 
Conductivity (W/m.oK) 0.40 
 

Table 2: GA parameters used in this case study. 
 

Parameter Values for  
Step 1  

Values for 
Step 2 

Population size 150 60 
Number of generations 50 40 
Crossover probability 0.95 0.95 
Mutation probability 0.05 0.05 
 
 

Locator Design 
Considering that the panel is injection-molded, the 

thicknesses of locators are kept the same as the panel thickness 
to avoid undesired defects such as sink mark on the external 
side. Figure 7 shows the dimensions of the locators, and Table 
3 shows the properties of the equivalent spring for the locator, 
measured as shown in Figure 5.  

 
Figure 7: Locator dimensions for front fender panel. 

 
Table 3: Properties of equivalent spring for the locator: in-
plane stiffness (kx) and out-of-plane plane stiffness (ky). 
 

kx 4972.7 N/mm 
ky 5192.9 N/mm 

 
The finite element model for the fender is shown in Figure 

9. The nodes inside the thin rectangles represent the potential 
location of the locators. The numbers by the rectangles indicate 
the numbers of possible locator locations within the rectangles. 
The panel contains 123 possible locator locations (n = 123).  

Automotive body panels are desired not to resonate at the 
frequencies of the vibrations occurring during the normal 
operation of the vehicle listed in Table 4 [28]. To avoid 
resonance at these frequency ranges, the locators must be 

5 
25

 

3 

3 

3 
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positioned such that the natural frequencies of the panel, when 
attached to the frame, do not fall within any of the listed 
ranges. The first 14 natural frequencies for the fender panels 
are checked against these constraints. To avoid the natural 
frequencies higher than the 14th from falling within the listed 
ranges, an extra constraint is added to the 14th natural 
frequency prohibiting it from being lower than 200 Hz. These 
constrains are treated as penalty terms added to the objective 
function in Equation (1). The modified objective functions are 
as follows. 

 

 
Figure 8: Finite element model for the fender. Nodes within 
the thin rectangles are the potential locations of locators 

 
Table 4: Vehicle sources of vibrations and their frequency 
ranges. 

Vibration source Frequency range (Hz) 
Suspension and wheels 5-10 

Engine 11-17 
Body 25-40 

Driveline 50-150 
Harshness <200 
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In order to avoid the overlap of neighboring locators 

during thermal deformation, it is not wise to allow the presence 
of locators at two or more successive locations. Accordingly, 

25

47 

10 

15 

7 

10 

9

 

another constraint (term ∑aiai+1) is added to the objective 
function. Since, this constraint can normally be of the same 
order of magnitude as the main objective function ∑ai, a factor 
of 100 is multiplied enhance the effect of this constraint. Also, 
since the first two prohibited frequency ranges are too close to 
each other (only 1 Hz difference), and the very low frequencies 
(<5 Hz) should also be prohibited, they are all combined to a 
one wider prohibited range of < 17 Hz. 

Figure 9 shows the optimum locations of the locators 
indicated by arrows, consisting of 19 locators distributed along 
all potential locations. The panel with the optimized locators 
does not violate any constraints in (4); in fact all the natural 
frequency values are higher than the highest prohibited natural 
frequency as shown in the second column of Table 5. For 
comparison, the first column of Table 5 shows the natural 
frequency values of the panel attached to the frame by bolted 
joints (i.e., rigid connection) at the same location. It can be 
seen that the frequency values with locators are comparable to 
the ones with bolted joint, indicating the high rigidity of the 
proposed heat-reversible snaps joints. The mode shapes for the 
fender panel with locators are shown in appendix A. 
 

 
Figure 9: Optimum location of locators and feasible region 
for snap placement. 
 
Table 5: Natural frequencies of the fender panel with 
optimum locators of locators (second column), and with 
bolted joints at the same location (third column) 
 

Mode number Frequency – 
locators (Hz) 

Frequency – 
bolted (Hz) 

1 201.43 225.08 
2 206.96 226.66 
3 210.77 237.25 
4 213.76 244.72 
5 224.56 272.24 
6 248.60 282.43 
7 265.65 296.22 
8 274.21 308.02 
9 280.72 334.28 

10 300.46 343.71 
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Snap Design 

The optimal heating locations are obtained by assuming h 
= 3 mm, and the heating temperature = 200 oC (below melting 
point 260 oC of the material). During heating, the rest of the 
panel is kept at 20 oC (Room temperature). The heat is assumed 
to be transferred to air through free (natural) convection only. 
The value of the convection heat transfer coefficient for air is 
chosen to be 8 W/m2.oK.  

The optimal location of heating is also shown as a 
rectangle in Figure 9, with an area of 334 x 67 mm2

. The 
resulting temperature distribution and thermal deformations are 
shown in Figures 10 and 11, respectively. The maximum and 
minimum out-of-plane displacements (∆y) within the heated 
zone are 3.766 mm and 3.037 mm, respectively. Therefore, 
snaps that are 3 mm in height can be located at the center of the 
heated zone and guarantee opening. As shown in Figures 11 (c) 
and (d), the in-plane displacement (∆x and ∆z), which might 
potentially interfere the smooth unlocking of the snap, is 
negligible compared to the out-of-plane displacement. 

As seen in Figure 11 (a), the location of the maximum in-
plane displacement coincides with the heating location, where 
the snaps (with less than 4 mm high) can be placed to realize 
the desired unlocking. Figure 12 (a) illustrates an example on 
how the snaps can be arranged, together with the locators. The 
locking plane of the snap is facing negative z-direction shown 
in Figure 12 (b), constraining the panel motion in the direction 
upon engagement.  

Figure 13 shows a close-up view of a locator on the top 
edge of the panel in Figure 12 (a). The locators are to be fit into 
the slots cut on the frame. Using the L-shape, the locators on 
the top edge constrain the panel motion in positive z direction, 
and in both positive and negative x directions. Assuming the 
width of the slot in y direction on the frame are the same as the 
one of the locators, they also constrain the panel motion in both 
positive and negative y directions.  

 
 

Figure 10: temperature distribution due to heating at the 
optimal location. 
 

 

 

Figures 14 shows a close-up view of the cross sections of 
the locators and the frame at sections A-A and B-B in Figure 12 
(a). The locator at A-A and the ones in the same orientation in 
Figure 12 (a) wrap around the frame to constrain the panel 
motion in positive z direction, and in both positive and negative 
y directions. Similarly, the locator at B-B and the ones in the 
same orientation in Figure 12 (a) constrain the panel motion in 
positive x direction, and in both positive and negative y 
directions.  

 
(a) 

 
(b) 

 
(c) 

Figure 11: Thermal deformation (a) Deflection in y direction 
(out of plane), (b) deflection in x direction (in plane), and (c) 
deflection in z direction (in plane). 
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Figure 12: Panel with optimal locators and snaps: (a) Inside 
view of the entire panel and (b) close up view near A-A part 
looking in z-direction. 

 
 

Figure 13: Close-up view of a locator on the top edge of the 
panel in Figure 12, viewing in positive y direction.  

 

 
Figure 14: Close-up view of the cross sections of locator 
and frame: (a) section A-A and (b) section B-B. 
 

(a) (b) 

panel 

frame 

panel 

frame

frame

panel
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slot on frame to fit locator  
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From the orientation in Figure 12 (a), the panel can be 
attached to the frame of the same orientation (assumed 
stationary) as follows: 

 
1. Push the panel to the frame (as in Figure 3 (a)) in negative 

y direction.  
2. Slide the panel to the frame (as in Figure 3 (b)) first in 

positive x direction and then in positive z direction. 
 
Upon unlocking of the snap with heating, the panel can be 
removed from the frame as follows: 
 
1. Slide the panel on the frame (as in Figure 4 (c)) first in 

negative z direction, and then negative x direction. 
2. Remove the panel from the frame (as in Figure 4 (c)) in 

positive y direction.  
 
For proper constraining of the panel motion, of course, it is 
important that the tolerances of the locator dimensions are 
appropriately designed, so they fit with the frame (or slots on 
the frame) with interference or at least transition fit. 

CONCLUSION AND FUTURE WORK 
This paper presented the design of new joints, heat-

reversible snaps, which allow easy, non-destructive, and clean 
detaching between internal frames and external panels in 
automotive bodies. It is expected to dramatically reduce the 
end-of-life environmental impacts of the aluminum space frame 
bodies, which currently suffer from poor material recyclability. 
While the assembly process is analogous to normal locator-
snap systems, the heat-reversible snaps can be unlocked non-
destructively upon heating the panel at a certain location, via 
the non-uniform thermal deformation of the panel. The 
optimum number and locations of the locators on the given 
panel were found based on the equivalent springs that represent 
the stiffness of the locator. Then, the snap and heating locations 
that ensure unlocking upon heating of the minimum area on the 
panel were obtained. A case study on an automotive fender 
panel assembly exhibited a promising result.  

Actual automotive panels have much more complicated 
geometries than the simple panel model presented in this paper. 
As a future work, the method needs to be verified for more 
realistic panel geometries. The two-step approach may not 
work for complicated geometries due to the complex 
interaction between locator locations, heating locations, and the 
region of the maximum out-of-plane displacements. In such 
cases, a simultaneous optimization of locator, snap, heating 
locations are desired. This would require effective 
approximation models in each analysis domain, in order to 
overcome the increased computational time.  

While developed for automotive panel/frame assembly, the 
design concept is generic and can be applied to different areas, 
where a clean separation is desired. The results will be reported 
in future publications. 
7 Copyright © 2005 by ASME 
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APPENDIX A 

 
Figure A1: 1st mode shape ω1 = 201.43 Hz 

 
Figure A2: 2nd mode shape ω2 = 206.96 Hz 

 
Figure A3: 3rd mode shape ω3 = 210.77 Hz 
 

 
Figure A4: 4th mode shape ω4 = 213.76 Hz 

 

 
Figure A5: 5th mode shape ω5 = 224.56 Hz 

 
Figure A6: 6th mode shape ω6 = 248.60 Hz 

 
Figure A7: 7th mode shape ω7 = 265.65 Hz 
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Figure A8: 8th mode shape ω8 = 274.21 Hz 

 
Figure A9: 9th mode shape ω9 = 280.72 Hz 

 
Figure A10: 10th mode shape ω10 = 300.46 Hz 
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