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Snap fit is a common mechanical mechanism. It uses the physical asymmetry that is easy to as-
semble but difficult to disassemble to provide a simple and fast link between objects. The ingenious
combination of geometric shape, bending elasticity and friction of the snap fit is the mechanism
behind the easy to assemble but difficult to disassemble disassemble. Yoshida and Wada (2020) has
done a groundbreaking work in the analysis of the elastic snap fit. During our study of their paper,
while we really enjoyed their research, unfortunately we detected several questioning formulations.
After careful checking, we found that those formulations are not typographical, therefore it is nec-
essary to make corrections. This paper reformulates the linear elasticity of a cylindrical snap fit,
obtains an exact solution and proposes an accurate relation between the opening angle and bending
tangent angle. Under the first order approximation, our formulations can reduced to the results
of Yoshida and Wada and hence confirms the scientific correctness of Yoshida and Wada’s work.
Furthermore, this paper also derives a correct vertical displacement expression, and propose a new
way of disassembly by bending for the first time and formulate a scaling law by data fitting. All
formulations are validated by finite element simulation and experiment. The research here is helpful
to the design of elastic snap fit or adjustable mechanical mechanism and metamaterial cell.

Keywords: Snap fit, elasticity, friction, geometry, beam, symmetry breaks

Introduction the cylindrical snap fit as shown in Fig. 2. Their research
has open a new door to accurately predict the mechanism

The snap fit can be seen everywhere in our life because ~ ©f snap fit from physics point of view. The definition of
it is simple, convenient and reusable (Fig. 1). The two  all notations can be found in the next section.
objects can be directly connected without welding, bolts,
glue and other means, and can be assembled and disas-
sembled repeatedly [1]. There are vast varieties of snap
fits ranging from receptor ligand interaction in biochem-
istry [2] to spacecraft docking in the space [3], as well as
zippers, Lego blocks and water pipe clamps commonly
used in life [1-20] . Although the buckle is not uncom-
mon for snap fit, it implies a basic physical mechanism,
that is, the buckle makes use of the mechanical asymme-
try that is easy to assemble but difficult to disassemble.

\ FIG. 2: Cylindrical snap fit

The upmost relationship of the snap fit device is the
formulation between the snap fit bending rotation angle
Ao and the snap fit initial opening angle ®, i.e

FIG. 1: Elastic cantilever snap fit 0 = 0o (D) (1)

Although we often hear the "click" sound of the snap Yoshida and Wada [4] did not give an exact solution, but
fit in our daily life, there is very little research on the  an approximate expression without any interpretation:
scientific mechanism of the snap fit mechanism. In 2020,

Yoshida and Wada [4] creatively conducted a compres- 0p = ® — (sin® — P cos P)e + O (62) (2)
sive study and gave some basic relationships and phase

diagram on the assembly and disassembly mechanics of ~ Lhis expression is the Eq.(56) in Yoshida and Wada’s

supplement [5]. Then they derived all other formulas in

the paper by using the expression (2). In the supplemen-

tary material [5], Yoshida and Wada did not show how to
*Corresponding  author: Bo-Hua Sun, email:  sunbo-  get the expression (2), nor the error analysis verification
hua@xauat.edu.cn of expression (2)
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According to rigorous mathematics, the first-order ap-
proximation relationship between snap fit bending cut-
ting angle and initial opening angle should be as follows:

O =0+ (sinfy — by cosby) e+ O (62) (3)

We can immediately recognise that this expression is d-
ifferent from the expression (2), but why?

Since all other expressions of snap fit mechanics require
the use of expressions (2), whose correctness is crucial,
therefore, it is reasonable to ask whether the results of
Yoshida and Wada [4] can be trusted. In order to answer
this question, it is necessary to reformulate all expressions
in the paper of Yoshida and Wada [4]. If the reformula-
tion study finds problems in the results of Yoshida and
Wada [4], it should be corrected. If the results of Yoshida
and Wada [4] are found to be reasonable, it would be a
scientific affirmation of the work of Yoshida and Wada
[4].

In this paper, we first introduced the assembly and
disassembly mechanism of the cylindrical snap fit, and
then deduced its theoretical model, obtains the exact so-
lution of the relationship and its first order approxima-
tion between the snap fit bending angle and the initial
opening angle, based on which we formulate the assembly
force and disassembly force; finite element simulation is
carried out on the two types of snap fit for pushing as-
sembly and pulling disassembly, as well as for pushing
assembly and bending disassembly. In order to have a
deeper understanding of physics, experimental analysis
and comparisons are made. Finally, a discussion is made
and a conclusion is drawn.

I. ASSEMBLY AND DISASSEMBLY
MECHANISM OF SNAP FIT

As shown in Figs.2 and 3, we adopt a semi-cylindrical
shell with radius of R, thickness of ¢, length of b and
opening angle of ®. It is pushed onto the surface of a rigid
cylinder with radius of R. to form a simple cylindrical
snap fit.

FIG. 3: Snap fit in natural condition

When the natural state snap fit is pushed down, the
snap fit slides along the surface of the rigid cylinder under
the combined action of thrust and friction. In the initial
stage, the thrust is gradually increased to push the buckle
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to slide. When a critical point is reached, the snap fit
moves to the final configuration driven by its own elastic
bending force without any more additional pushing.

According to the interactions between the topology,
bending elasticity and friction that are characterised by
the initial opening angle ®, mismatch ratio @ = R./R,
elasticity modulus F and friction coefficient pu, the as-
sembly process of the snap fit can be vary, corresponding
to different physical phenomena. One is sliding assembly
and the other is jumping assembly. Correspondingly the
snap fit can be divided into two types: Type I and Type
II snap fit.

Type I snap fit has smaller initial opening angle ®,
and its assembly and disassembly are relative easier. The
assembly and disassembly of T'ype I snap fit are generally
in symmetric deformation as shown in Fig.4.

FIG. 4: Type I snap fit

Type II snap fit has larger initial opening angle ®, so
it is difficult to assemble and disassemble. In the assem-
bly process of Type II snap fit, the snap fit is generally
in asymmetric deformation, especially in the installation
process, the snap fit begins to have large symmetric de-
formation, and then suddenly has asymmetric deforma-
tion to realize assembly, as shown in Fig.5. Conversely,
in the disassembly process of Type II snap fit, the snap
fit can generally be considered to be in symmetrical de-
formation.

FIG. 5: Type II snap fit

From the above description, the mechanics nature of a
fully assembled snap fit is easy to assembly but difficult to
disassembly (i.e. within the initial opening angle), that
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is |Fp|/Fa > 1, where F4 represents the assembly force
of the snap fit and Fp represents the disassembly force
of the snap fit, which is a very interesting asymmetric
physical phenomenon. It is anticipated to have energy
dissipation of the assembly-disassembly circle. Therefore,
the snap fit is a good platform for symmetric breaks and
energy dissipation (or harvesting) testing.

Snap fit assembly has a critical point, before this point
if the thrust is removed, the snap fit will rebound back
under its own bending elastic drive, can not complete the
snap fit installation. Beyond this point, if the thrust is
removed, the snap fit will continue to complete the snap
fit installation under its own flexural elastic drive.

Fj ki

FIG. 6: Loading of snap fit

Driven by the force of F', the cylinder surface has reac-
tion force on the buckle: normal force P and tangential
force Q. According to the Fig.6, the balance equation in
the direction of y is: 2P cos ¢ +2Q sinp = F. According
to Amontons Coulomb’s friction theorem, the relation
@ = pP. Simultaneous solution can be obtained

F 1

_ _ uF 1
2 cosg+ pusing’ N

2 cosp+ psing’

According to the force balance condition of y,we can get
F| = £ Then according to the force balance condition
of x, can be obtained

. F tanp —pu
Fy=P - = —— 5
I sinp — Q) cos ¢ 51+ tany (5)

A similar formula is valid for disassembling process, with
the replacement given by p© — —p in Eq.5.

The critical point can be obtained from the condition
1+ ptane* = 0, which leads to ¢* = arctan(—1/u), or
critical opening angle ®* ~ «a[r — arctan(—1/u)], which
is proposed by [4].

II. THEORY OF SNAP FIT ASSEMBLE AND
DISASSEMBLE MECHANICS

From the above discussion, we understood that the up-
most basic relationship in the study of snap fit problem
is how to use the initial opening angle ® to represent
the deformation rotation angle 6y, namely 6y = 0y(P).

d0i:10.20944/preprints202201.0076.v1

Yoshida and Wada [4] directly gave the first order ana-
lytical expression 0y = y(®P) as follows

o=@ — (sin® — Pcos®)e + O (€?) (6)

As we have pointed out in the previous section, since
Yoshida and Wada did not deduce the expression (6) in
the supplementary material [5] and did not give the error
analysis and verification of the expression (6), we have a
good reason to ask whether the results of Yoshida and
Wada [4] is credible? To answer this question, let’s de-
duce the relevant expression again.

Denoting the snap fit has natural state as radius Ry,
thickness ¢, length b and opening angle ®, the snap fit
is pushed to radius R. on the surface of a rigid cylinder,
will create a simple cylindrical snap fit, as shown in Fig.2
and Fig.7.

FIG. 7: Schematic diagram of cylindrical snap fit

The snap fit is assembled on a rigid cylinder, and there
is no deformation in the length direction of the cylinder,
namely length inextensible. We only need to study the
deformation of the shape of its cross section, so that the
problem is transformed from three-dimensional to two-
dimensional, and the cylindrical shell problem is sim-
plified to the problem of elastic circular rod or beam.
Considering the small deformation of a naturally curved
elastomer with a constant arc length L = 2R,®, which is
affected by the horizontal force F and the longitudinal
force F'| applied at the edge The resultant force vector
is F = Fjé, +Fé,.

We assume that 2D symmetric deformation occurs in
the z — y plane, and its horizontal displacement A, is
shown in Fig.7. Through its arc length parameter s (s-
tarting from the top), we use the unit tangent vector
t(s) = cosf(s)é, — sinf(s)é,, as shown in Fig.7. In the
absence of any external forces and moments, the balance
equation is given by [20]:

dF(s) M(s)
ds ds
Where F'(s) and M (s) are internal forces and elastic mo-
ments.

We assume a linear constitutive relation (i.e. Hooke’s
law) M(s) = B (x(s) — kg) €., where B = EI is the

+t(s) x F(s) =0, (7)

:O7
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bending modulus, FE is the elastic modulus, and I is the
moment of inertia of the snap fit cross-section. r(s) =
—0'(s) is the curvature, kg = —1/Rs(< 0) is the natural
curvature of elasticity.

By integrating the first equation of equation 7
and using the boundary condition: F(0) = 0,
it can be obtainedF = Fjé, + Fie,. Then it
is brought into the second equation of equation (
refeq-1) and pay attention to the operation #(s) x
F(s) = [cosf(s)é, — sinf(s)é,] x (Fjé, + Fré,) =
cos 0(s)Fj| €, x é; —sinf(s)F) &, x é, +F cosb(s)ée. =

T w_/
(Fjsinf(s) + F| cosf(s))é., we have %[B(n — Ko)lé, =
(Fjsinf(s)+ F cosf(s))é., namely, the elastic equation
of snap fit is

d*0(s)
ds?

boundary conditions: 6(L/2) =60y and 8'(L/2) = —ko =
1/Rs, where L = 2R;P.

B = F)sinf(s) + F cosf(s). (8)

A. Snap fit elasticity under horizontal force

FIG. 8: Snap fit under horizontal force F,

In Fig.8, if only horizontal force F, longitudinal force
F, =0, Eq. (8) degenerates into

d*0(s) )

BW = Fsinf(s), ©)
together with the relevant boundary conditions
: O(L/2) = 60y and O0'(L/2) = —ko = 1/Rs,where
L =2R,®.

Applying boundary conditions, the first integral elastic
equation is calculated as follows:

d@(s) 2_ 1 F” .
( 1 ) - —|—2B (cos By — cosb) (10)

it can be rewritten as
ds do

o ] 11
Ry /1 —2¢(cosf — cosbp) (11)

. FR?
where the small parameter € is € = HT

d0i:10.20944/preprints202201.0076.v1

4

Substitute equation (11) into the non elongation con-

dition fOL/2 ds = R,® of the elastomer, where L = 2R, ®.
The non elongation condition can be written as

L/2 b0
/ ds = 40 . (12)
0 0 /1—2¢(cosf — cosby)

2
For any parameter € = F”BRS , by a symbolic computation

such as Maple, we can find the exact solution of equation
(12) as follows

InverseJacobsAM (920, 2,/ 25(10;90)1)

/1 + 2¢€(cos By — 1)

®=2

, (13)

where InverseJacobsAM represents the triangular form of
the first kind of incomplete elliptic integral[6] and clearly

the condition cosfy > 1 — % F%Q must be applied.

Because we only know the initial opening angle ® and
do not know the inclination angle 6y of deformation. In
order to invert the above exact solution and obtain the
analytical expression of deformation inclination ® ex-
pressed by initial opening angle g, i.e. 8y = 0o(®P).

Although we obtained the exact solution in Eq.13, to
the best of the authors’ knowledge, it is almost impossible
have the inversion of the exact solution. We have to give
up the exact solution. For convenient purpose, let’s try
whether the approximate treatment is feasible.

Expanding the expression (11) for the small parameter

2
€= % and take the first-order approximation
ds 9
R—Nd@[l—&—e(cos@—cosQo)—i—O(e). (14)

Substituting the expression (14) into the non elongation

condition fOL/ *ds = Rs® of the elastomer, where L =
2R;®. the non elongation condition can be written as

L/2 0o
/ ds:/ [d6 [1+ € (cos — cos ) + O (¢2)] ,
0 0 (15)
can find

D =0y + (sinfy — Gy cosby) e+ O (62) ) (16)

It is clear that this expression is different from expression
(6). Here expression (16) is a first-order approximate
result derived naturally by rigorous mathematics. Ac-
cording to this expression, we can deduce other following
results of assembly and disassembly.

1. Horizontal displacement caused by F)

It can be seen from the deformation in Fig.7 that the
horizontal deformation relationship is

L2
x(L/2)—x(0) = /0 cos0(s)ds = Rysin @+ Ay, (17)
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where A, represents the horizontal displacement driven
by force Fj.Substitute expression (14) into (17) to get

x(L/2) — z(0)
0o
= RS/ cos 0(s)[1 + €(cos 6 — cos By)]df + O(e*) (18)
0

~ Rssin® + A$”$
or write

1 A
sinfy + =€(fp — sinfy cosbp) = sin ® + Zal, (19)
2 R
Substituting the expression (16) into the above formula

to obtain

1
sin Oy + 56(90 — sin 6y cos )
(20)

x|
Ry’
Expanding the both sides to the first-order term of € leads
to

= sin [0y + (sinfy — O cosOy) €] +

1
sin 6y + 56(90 — sin g cos Op)

(21)

T

:RS

+ sin By — cos By (cos pby — sinbp) €,

we can get € = FHRg /B expression

F\ R Ay
= K, (0 , 22
B 1(6o) z. (22)
where the elastic coefficient is defined as
0 .3 . -1
Ko (6o) = 5 (5 sinfy — O cosBp) cosby| . (23)

2. Vertical displacement generated by I

It can be seen from deformation in Fig.7 that the lon-
gitudinal deformation relationship is

L/2
y(L/2) —y(0) = /0 sinf(s)ds = Rs(1 —cos®) + Ay,

(24)
where A, represents the vertical displacement con-
tributed by Fj.

The expression (14) is substituted into (24) to obtain

x(L/2) — z(0)
0o
= Rs / cos 0(s)[1 + e(cos O — cos 0y)]df + O(e*) (25)
0

~ Ry(1—cos®) + Ay

it can also be written as

1.1 1
1 —cosfy + —¢[= cos? Oy — = + (cos By — 1) cos O]
2 2 2
Ay (26)
cos P + R

S
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Substituting the expression (16) into the above equation
to obtain

1 3 1
—cosfy + =€(= cos®Hy — cosby — =)
2 °2 2
Ay (27)
= —cos [0y + (sinfy — Oy cos ) €] + R—y
Expanding the both sides to the first-order term of € leads
to

1 1
— cos By + *6(§ cos? g — cos by — =)
2 2 2 (28)
A
= —cosfy + (sinfy — Oy cosbp) € + Ry” )
we can get € = F||R?/B expression
FR? A
5= K0o) 3 (20)

where the elastic coefficient is defined a
5 1
Ky (6p) = |1 —costy — 3 sin? 6y + 6 sin 6y cos b,

(30)

B. Snap fit elasticity under vertical load F;

If there is no horizontal force Fj but only a longitu-
dinal force F'|, the equation (8) above degenerates into
BO"(s) — F cosf(s) = 0 and the integral can be ob-
tained: 1B(¢#')? — F| sinf = C,using boundary condi-
tions 6(L/2) = 6y and 6'(L/2) = —kg = 1/Rs,whereL =
2R,P, we get the integral constant C' = %% —F| sin 6.
Hence we have ’

ds d
Rs /14 2¢(sinf — sin )

(31)

2
where ¢ = £ We can also get the above integration

exact solution, however, it is not user friendly, we will
adopt approximation approach as previous section. For

F| R? .
===, we obtain

small € =
D~ 0y + (0 sinby + cos g — 1). (32)
1. Horizontal deformation generated by F'|

Let us calculate the horizontal displacement A, con-
tributed by F'|, namely

L/2
x(L/2) — z(0) = / cosfds = Rysin® + A, 1, (33)
0

Approximating the expression to the 1st order of €, we
have

A;
sinfy + esin? 0y = R, sin ® + RJ'7 (34)

S
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Substituting expression (32) into (34) and only keeping
the 1st order of €, and solving e gives

FLTF? = Ku(eo)A];j: (35)
where the stiffness
K, (00) = % + cos by — %cos2 0o — 0y sin By cos b -
(36)

2. Vertical deformation generated by F'|

Let us calculate the horizontal deformation A, con-
tributed by F'; , namely

L2
y(L/2) — y(0) :/ sinfds = Rs(1 —cos®) + Ay,
0

(37)
Approximating the above expression to the 1st order of
€, we have

Ay
Ry’
(38)

Substituting expression (32) into (38) and only keeping

the 1st order of €, and solving ¢ gives

1 1
— cos fp+£(sin 90—5 sin 6y cos 90—590) = —cos P+

F R? A
LBSZKM Bfl, (39)
where the stiffness
1 3 -t
K, (b)) = 7590 + (5 cos 0y — By sin ) sin b
(40)

C. Total horizontal and vertical deformation
caused by combined loads F” and F'|

When both horizontal and longitudinal forces exist at
the same time, there is a combination relation according
to the principle of linear superposition, from Eqgs.29 and
39, we have Ay + Ay = Ay, or Ay /R + Ayt /Rs =
A, /Rs, namely

AV F||R§

F|R?
BK, (b))’

(41)

Substituting Eqs 4 and5 into Eq.41, we have the total
horizontal deformation and force relation as follows

A, 1FR? 1 tang — p 1

Sz , (42
R, 2 B KIH(OO) 14 putanep le(eo) ( )
For total vertical deformation A,, we have
A F|R? F| R?
Yy _ |4t + LI , (43)
Ry, BKy(6) BK,1(0)

d0i:10.20944/preprints202201.0076.v1

Substituting Eq.4 and5 into Eq.43, we have the total hor-
izontal deformation and force relation as follows
Ay_lFRg 1 tanp — u 1

=Y + , (44
R, 2 B Ky” (00) 1 + ptany KyJ_(ao) (44)

D. Assembling and disassembling force

Consider the radius mismatch between buckle and rigid
column, that is R. > Rs, From the deformation fig-
ure A, = R.sinp — Rgsin® = Rg(asing — sin®), so
%: = asing — sin @, substitute into the expression (42)
to obtain the force F'

FR?
B

asinp —sin @

= 2K, (6o)

tan p—pu + Kmu(eo) ’ (45)
1+ptan ¢ K1 (00)

If ignoring the friction, namely p = 0, the Eq.45 is re-
duced to

Ia 2 3 —sin®
gs _ 2Kx|\(9o)% (46)
tan ¢ + Kul(Go)

and for this expression we’re going to take the maximum
for ¢, if we ignore K., (6p). From the extremum condi-
tion ‘j—F = 0, we have
©
sin ®
sin p* = ()13, (47)
a

It is worth to mention that [4] has a typo on the above re-
lation as ¢* = ($22)1/3 We thus can get the maximum
assembling force Fy

. /2
FaR? 1— sin ®\2/3 3
"j‘B S = 20K, KI:IH(GO)( < a) 213 72 (48)
1+ # oo Gs)?? — 1

As you can see, this expression is a modification of the
corresponding expressions for Yoshida and Wada [4].

For the disassembly process, it can be considered com-
pletely stuck. At this time, the snap fit angle ¢ ~ ®/a,
the disassembly force Fp without friction is

FpR?
B

sin(®/a) —a~tsin®
tan(fb/oz) + K$H (00)/KIJ_(90) ’
(49)
which is also a modification of the corresponding expres-
sions for Yoshida and Wada [4].

(sin<I>)1/3
o

Using relation tan ¢* = i (mErs we can also de-

= 2a K, (6o)

rive the assembling force considering friction

FaR: (i) /1 st
S~ ZOsz“ (90) ban o* —p0 Koy (00) ° (50)
14p tan p* K1 (60)
equivalently
FARg 3/2

~ 20K (09)S (e, ®, 1) [1—(812‘1’)2/3} . (51)
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and disassembling force

FpR? sin(®/a) — a~lsin®
5 =2aK(0 . (52
B ) K 00) /K (00) — 9@~ )

where
_ p—tane
9l ) = T T ptang’ (53)
tan|(a ! sin ®)1/3

S(o, @, p) = K(«%)[( sin<I>)1/3] ' (54)

K1 (00) _g((T) 7/1)

E. Vertical displacement u driven by vertical force
F

From Fig.9, we can see that the vertical displacement
u is expressed by

u=Rg(1—cos®) — R.(1—cosp)—A,. (55)
Flu
o FL R(1—cos®) — R.(1 —cosy)
N = / ) R.(1 = cosyg)
L F

FIG. 9: Vertical displacement u

The geometric relation Rgsin® = R.sinp, leads
tocos p = /T —sinp = /1 — (¥22)2 then we have
u(®) =1l—-a—cos®+ Va2 —sin®d
R
1 FR? 1 tanyp — p 1
2 B |:Ky|(90) 14+ ptane Kyl(eo)](
56)

III. ITMPROVED THEORY OF MECHANICS OF
SNAP FIT ASSEMBLY AND DISASSEMBLY

Although we have reformulated and improved all ex-
pressions for deformation, assembling force and disassem-
bling force of Yoshida and Wada [4]. Unfortunately, be-
cause all expressions are implicit forms expressed by 6y,
they cannot be written explicitly in terms of initial open-
ing angle ®. So they are not convenient for application
and need further improvement.

From the above analysis, it can be seen that an ap-
proximate explicit expression 6y = 0(P) must be found

d0i:10.20944/preprints202201.0076.v1

in order to obtain mechanical properties of snap fit. In
the previous section, we had the exact solution (13), an
explicit expression (6) for Yoshida and Wada [4],and our
implicit form (16). They all have their own advantages,
and now our question is, how can we use them to get an
approximate explicit expression 6y = 0 (P) ?

The basic idea is this: since Yoshida and Wada [4] has
already proposed an approximate explicit expression (6),
we will use our exact solution to modify their expression
(6) by the exact solution (13). Then the modified ap-
proximate explicit expression is used to derive the other
expressions of snap fit assembly and disassembly mechan-
ics.

After comparison with the exact solution, the improved
expression is

0= — {sin(I) -1+ %)(ID cos[(1 —€)P] + 46} €

(57)
In order to compare with the exact solution, we plot ex-
pressions ( 6),(13) and (57) in Fig.10 for different pa-

2
rameters € = %. It can be seen that the improved

expression (57) is better.

[+ ++ Yashida solution in Eq. 6 = * Our solution in Eq.§7 === Exact solutionin Eq.13

FIG. 10: the comparison of expression(6),(13)and(57),e = 0.2

Substitute the improved expression (57) into (23), i.e
K. (60) = [% — (2sinby — 6y cosby) cos@o]_l, and it
approximates to the first order of ¢

—1

o)
ff(%sincﬁ—(l)cos@)cos@ . (58)

Surprisingly, this expression K, (®) is exactly the same
as the expression Yoshida and Wada [4].

We can modify the corresponding expressions for as-
sembling and disassembling forces in the previous section.
Since our approximations are all taken to first-order €, the
mounting force deduced by using the expression (57) is

FaR?
B

. 3/2
mEps T )

= 204Kx|‘((1)) [1 — ( o
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for the disassembly process, can be considered completely
stuck, then the snap fit angle ¢ ~ ®/«, no friction is the
disassembly force Fp is

FpR? sin(®/a) — a~tsin®

tan(®/a) ’

= Q(XKm||(‘I)) (60)

also exactly the same as the expressions of Yoshida and
Wada [4].

Similarly, we can derive the assembling force taking
into account friction

FAR?

sin® .o /3 8/2
~ QO[Kz“((D)S(OZ, (I)a /1’) 1- (7) )

(61)
and disassembling force

FpR?

B sin(®/a) — a~!sin ®

= 2aKm||(‘I>) KQ,H(CI))/KzL L(®)—g(®/a,—p)’
(62)

where

3cos ®
o8 )cos @]~ (63)

1
K, (®) = [§+(1—<I>sin<1>—

tan[(a ="' sin ®)1/3]
Ky (@ sin
L~ () )

Ko (®)
the assembling and disassembly forces which consider
friction are also exactly the same as the expressions for
Yoshida and Wada [4].
The vertical displacement u is simplified to the follow-
ing

P 1 FR?
uj(%s)zl—a—cosq)—&-\/m—a BsJu((I)),
(65)

S(a, @, p) = , (64)

where J,(®) = [Kyul(@) 1t—t2fan_£* + Kyj(q))] [4] derived

a similar expression, ie., % ~ Va2 —sin® ® — acos p—
s

%Fg’j Ju(®), which might have typos.

Although the first order result of our improved expres-
sion is exactly the same as that of Yoshida and Wada
[4], the affirmation is not wasted but actually makes sci-
entific sense. From the perspective of approximation, it
answers the question we raised in the beginning: whether
the theoretical result of Yoshida and Wada [4] is credible.
So far, we have theoretically verified and confirmed that
Yoshida and Wada’s theory is credible and correct wihtin

the first order approximation of O(e).

IV. FINITE ELEMENT SIMULATION OF
PUSHING ASSEMBLING AND PULLING
DISASSEMBLING OF CYLINDRICAL SNAP FIT

Although we have mathematically verified that the for-
mulations of Yoshida and Wada [4] is credible, we still
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like to emphasize that the theory is just a linearized ap-
proximation theory. In actual situation, the deformation
of snap fit we observe is generally nonlinear and large
deformation, so we need to conduct further verification
from other aspects. Yoshida and Wada [4] did the ex-
periment and put forward a discrete model for numerical
calculation, which is consistent with their own theoretical
prediction. Yoshida and Wada [4] have not used the finite
element method for verification, and we believe that the
finite element method is a relatively effective method. In
order to make up for the lack of finite element simula-
tion, we conducted a detailed finite element analysis on
the assembly and disassembly process of the snap fit.

In order to obtain enough data, we use finite element
analysis program ABAQUS to simulate and analyze the
assembly and disassembly forces of eight cylindrical snap
fit models. Snap fit parameters: the radius ratio is a =
R./Rs = 1.14,and semi-cylindrical shells with different
opening angles are adopted, as shown in Table I. The
finite element model is shown in Fig.11.

TABLE I: cylindrical snap fit parameters

radius ratio length thickness opening angle

@ b(mm) t(mm) d(rad)
1.14 20 0.3 1.9
1.14 20 0.3 2.0
1.14 20 0.3 2.1
1.14 20 0.3 2.2
1.14 20 0.3 2.3
1.14 20 0.3 2.4
1.14 20 0.3 2.5
1.14 20 0.3 2.6

i

Cylinder

Y

"y

FIG. 11: Finite element model

We established the model according to the radius ratio
«,opening angle ® and material parameters of the buckle
in Yoshida and Wada [4]. The simulation process is di-
vided into two steps of assembly and disassembly.During
the assembly process, the shell moves down at a speed of
5mm/s until the top of the shell touches the cylindrical
surface. After the spacing of 1s,the housing will move up
at the same speed as 5mm/s (the disassembly process).

(1) Frictionless assembling force: without considering
friction, the snap fit with small opening angle ® is eas-
ier to slide along the surface of the rigid cylinder. At
this time, the deformation of small assembling force be-
longs to small deformation, so the theoretical prediction
is relatively close to the finite element results, see Fig.12.
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FIG. 12: Type I snap fit (o = 1.14) comparison of assem-
bling forces without considering friction (g = 0 ) : Our fi-
nite element results are in agreement with Yoshida and Wa-
da [4] expressions F‘%Rg = 20K (®)[1 — (522)2/3)3/2 Make
every effort to guide the assembly and set it to zero,we
can get the minimum assembling force of snap fit opening
angle® = 1.79rad ~ 102° .

(2) Assembling force with friction: considering fric-
tion, the snap fit with ® small opening angle is easier
to slide along the surface of the rigid cylinder. Howev-
er, due to friction, the friction resistance increases and
an additional force is generated to act on the snap fit.
Since this force is opposite to the sliding direction, the
deformation of the snap fit becomes larger, and the de-
formation is no longer a small one. Therefore, for the
prediction of assembling force, the finite element result
is better than that of the linear theory, see Fig.13.

04

ne

0.1

FIG. 13: Type I snap fit (o = 1.14) comparison of assem-
bling forces considering friction (x = 0.21 ) : Our finite el-
ement results are in agreement with Yoshida and Wada [4]
expressions FABR‘% = 2aK(®)S(a, @,p)[lf(%)w:s]w?Make
every effort to guide the assembly and set it to zero,we can
get the minimum assembling force of snap fit opening angle
® = 1.74rad ~ 100°.

(3) Frictionless disassembling force: without consider-
ing the friction, the linear theoretical prediction is closer
to the finite element prediction,see Fig.14.
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FIG. 14: Type I snap fit (a« = 1.14) comparison of disas-
sembling forces without considering friction (x =0 ) : Our
finite element results are in agreement with Yoshida and Wa-

. F Rg _ sin(®/a)—a ! sin ®
da [4] expressions 5= = 2K (P) K@)/ K1 (0 =9 (8 a—70)

(4) Assembling force with friction: considering fric-
tion,the snap fit with ® small opening angle is easier
to slide along the surface of the rigid column, the defor-
mation of the snap fit is small and the linear theoretical
prediction is close to the finite element results; however,
for the snap fit with a larger opening angle ®.,it is not
easy to slide along the surface of the rigid column. There
will be a relatively large deformation before sliding, and
the small deformation theory cannot predict it, so the
theoretical prediction of disassembling force is less than
that of finite element method. In this case, the theoreti-
cal prediction without finite element method is good, see
Fig.15.

n 9m 5m llm 3m 13 7r 15m =

FIG. 15: Type I snap fit (o = 1.14) comparison of assem-
bling forces considering friction (= 0.21 ) : Our finite el-
ement results are in agreement with Yoshida and Wada [4]
sin(®/a)—a " !sin®
K(60)/ K (60)—g(®/a,—p)

2
expressions FDBRS =2aK (D)

Our finite element analysis (Figs.12,13,14,15) show
that the assembling forces derived from Yoshida and Wa-
da [4] are acceptable. When the initial opening angle
is small, the theory is consistent with the finite element
method. However, when the initial opening angle is large,
the error becomes large. The reason is that the theoret-
ical hypothesis is that the deformation of the snap fit is
symmetric and small, but when the initial opening angle
is relatively large, the deformation before the snap fit is
relatively large and asymmetric. In fact, the linear the-
ory can not be used to simulate those large deformation
, s0 in those cases it is understandable that the FEM is
inconsistent with the linear theory.

The finite element simulation results were compared
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with the discrete simulation curves of Type II snap fit in
Fig.2(b) and Type II snap fit in Fig.2(d) in Yoshida and
Wada [4],as shown in Fig .17. The measured force F is
expressed in units R?/B.

Fa

o Ow assemblesimi: T&w Jetion[4]
o © _Y&W disassamblesmudation[4]

(@

FIG. 16: Finite element simulation comparison diagram of
snap fit assembly and disassembly.(a)Type I snap fit,(b)Type
IT snap fit.

The finite element parameter simulation made by us is
basically consistent with the discrete simulation of Yoshi-
da and Wada [4], and the rule of curve variation is com-
pletely consistent. As can be seen from the above finite
element simulation results, the mechanical asymmetry of
the snap fit is mainly closely related to shell geometry .

V. BENDING DISASSEMBLING ANALYSIS OF
CYLINDRICAL SNAP FIT

In addition to the above pushing assembling and
pulling disassembling, we propose a new kind of opera-
tion, namely pushing assembling and bending disassem-
bling, which is to use bending snap fit to achieve the
purpose of disassembly. Specific bending disassembly is
shown in Fig.17.

FIG. 17: Bending disassembling

We have not seen any scientific studies on the use of
bending to remove the snap fit, and here is the first time
we have raised this question. In order to illustrate the
problem, we use the 12 finite element models in Table II
to study the bending disassembling of cylindrical snap fit.
The assembly process is the same as before. In the dis-
assembly process, the shell rotates outward at the Angle
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of 1rad. The specific finite element model and bending
condition are shown in Fig.17.

After finite element calculation, the specific simulated
disassembly bending moment is shown in Table II.The
measured moment M is expressed in units of R,/B.

TABLE II: Disassembly bending moment of cylindrical snap
fit
Radius ratio Length Thickness Opening angle Bending moment

@ b(mm)  t(mm) P(rad) M(N -m)
1.14 20 0.3 1.81 0.68940
1.14 20 0.3 1.93 1.10210
1.14 20 0.3 2.00 1.64696
1.14 20 0.3 2.10 2.76044
1.14 20 0.3 2.20 2.85505
1.14 20 0.3 2.30 2.62103
1.14 20 0.3 2.40 3.08299
1.14 20 0.3 2.50 3.22582
1.14 20 0.3 2.57 3.65700
1.14 20 0.3 2.62 3.82076
1.14 20 0.3 2.66 3.90040
1.14 20 0.3 2.75 24.40410

In Fig.18, we draw the relationship between the disas-
sembly moment and the opening angle ® during bending
unloading of the cylindrical snap fit. It is obvious that
there is a significant difference between the disassembly
bending moment of Type I snap fit and Type II snap fit,
which is about 5-40 times. With the increase of the open-
ing angle of the cylindrical snap fit,the required bending
moment increases. When the snap fit changes from Type
I to Type II, the bending moment increases rapidly. The
simulated phenomenon completely conforms to the phys-
ical law.

MR, /

FIG. 18: The relation between disassembly bending moment
and opening angle ®

Therefore, we study the relationship between the disas-
sembly bending moment and the opening angle ® during
the disassembling of Type I snap fit, and use the scat-
ter diagram of finite element results to fit, as shown in
Fig.19.
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FIG. 19: p = 0.21,disassembly bending moment of Type I
snap fit

By data fitting, we get a scaling law of the relation be-
tween the disassembly bending moment and the opening
angle ®:

MR

B

=5.410% — 46.8993 + 150.68P2 — 212.07P + 110.33
(66)

From our finite element simulation results, it can be seen
that the disassembly bending moment of cylindrical snap
fit during disassembling is in a power relationship with
the opening angle.The smaller the opening angle ®is, the
smaller the disassembling bending moment is. This con-
clusion is aimed at the bending disassembling of the snap
fit, but its law still conforms to the general physical law
of the snap fit.

VI. ASSEMBLY AND DISASSEMBLY
EXPERIMENTS OF SNAP FIT

In order to further prove the correctness of the finite
element model of the snap fit established by us, numerical
comparison between simulation and experiment is carried
out.

The experimental model was obtained by 3D print-
er, and the model parameters were as follows: Ry =
26.3mm, R. = 30mm, o = R./Rs = 1.14, t = 1.1mm,
b = 20mm, ® = 2.2rad. After the model is made, the
electronic universal testing machine (E43.1044) is con-
trolled by microcomputer to conduct the assembly ex-
periment of Type I snap fit, as shown in Fig.20 (see
supplementary materials for experimental and simulation
videos).

FIG. 20: The experimental setup
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We established a finite element model according to the
above model parameters, and drew a comparison figure
between the simulation data and experimental data of
the model, as shown in Fig.21. According to Fig.21, we
can intuitively see that the two sets of data are basically
the same, and the error does not exclude factors such as
friction (friction coefficient is taken from friction exper-
iment). This further proves the correctness of our finite
element simulation.

Fa

FIG. 21: Simulation data were compared with experimental
data

Under the condition that the finite element model is
correct, we extract the assembling force and disassem-
bling force of 8 models with different opening angle ®
in Table I,and redraw the data of g = 0.21in the form
of ®vs|Fp|/Fa, which is defined as "locking rate" [7]
in Ref [4].Verify the relationship between the mechanical
asymmetry of the snap fit and the opening angle ¢, as
shown in Figure.56.

FIG. 22: Simulation data were compared with experimental
data

Draw conclusions in Yoshida and Wada [4]: When
the 2 < ® < 2.6, can achieve the ideal conditions for
|Fp|/Fa > 1, this is the Type I snap fit height over-
lapping. The trend for other typical p value effectively,
|Fp| and Fy4 relative size can only be adjusted by shell
geometry.However, it is obvious from the simulation that
when t = 0.3mm of shell geometry, both ® = 1.9rad and
® = 2.6rad can reach the ideal condition |Fp|/Fa > 1.
This not only shows that the ideal condition overlaps
with the Type I snap fit,but also shows that the shell
thickness has a certain influence on the relative size of
sum. Thus, the relative sizes of |Fp| and F4 can be


https://doi.org/10.20944/preprints202201.0076.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 January 2022

adjusted by the thickness of shell geometry ¢ and the
opening angle ®.

It is found that under different friction conditions, the
relationship between the disassembly bending momen-
t and the opening angle ® obtained by finite element
simulation is consistent,the only difference is that the co-
efficient in front is not consistent, which indicates that
friction does not affect the physical law between the dis-
assembly bending moment and the opening angle ®.

In Fig.18, it can be clearly seen that M increases with
the increase of ® and diverges with ® — ®|_, at which
point the system changes from Type I to Type II. There-
fore, we can adjust the size of buckle opening angle ®, so
as to achieve the purpose of snap fit design.

VII. CONCLUSIONS

In light of Yoshida and Wada [4], the assembly and dis-
assembly mechanics of the snap fit is carefully reformu-
lated, finite element analysis and experiment have been
carried out. Our reformulations confirmed the correct-
ness and credible of their approximations. We have pro-
posed a new way of disassembly, namely disassembly by
bending. Studies also reveal that the asymmetry is the
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key mechanism behind of the easy assembly and diffi-
culty disassembly of snap fit. The symmetry breaks is e-
merged from the interaction between elasticity, geometry
and cylinder friction. Although this paper only focuses
on the cylindrical snap fit, the method in this paper is in-
structive to the research of other snap fit configurations.
Because of the wide application of snap fit in daily life,
especially some industrial snap fit need to know the exact
assembly and disassembly force, from a scientific point of
view to study its performance and predict its mechani-
cal properties, for the design and production of buckle is
very meaningful. This paper is a part of our research on
snap fit mechanics, and the results of other shape snap
fit mechanics analysis will be reported in the future.
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