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Abstract: Snap-fit is a commonly used jointing/connention mechanism, and its easy installation and
difficult removal are the result of the coordinated interaction between friction, geometric shape, and
elasticity. This paper presents a detailed study on the assembly/disassembly forces of thin-walled
torus snap-fit through finite element simulation, experimental testing, and data fitting of approximate
analytical solutions. The research reveals that the non-zero Gaussian curvature of the torus has a
significant impact on the mechanical performance of the torus snap fit. The findings in this study are
of great significance for future design of high-performance structural connections.
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1. Introduction

Any physical structure is composed of components that are interconnected, in particular
prefabricated structures. In engineering, connections between components are often weak areas.
Unreasonable connection methods can easily reduce the strength of components, resulting in
unpredictable failure modes. While current research has primarily focused on various structural
elements such as beams, plates, and shells, less attention has been given to their connections. Even
when considering connections, they are often simplified as rigid or elastic connections. Furthermore,
the structural form and three-dimensional characteristics of the connecting parts themselves are often
overlooked. In reality, the quality of the connection is crucial not only for maintaining the integrity
of the structure but also for absorbing significant amounts of energy, thereby greatly improving the
toughness of the structure [1,2]. However, designing an effective connection poses a scientific and
technical challenge.

In common thin shells, due to the Gaussian curvature of the complete torus changing from positive
in the outer ring to negative in the inner ring, it exhibits special geometrical properties as shown
in Figure 1. The second author has done systematic research on linear and nonlinear symmetrical
deformation [3-6,9,11], Fliigge’s problem [7,12] and Gol'denveizer’s problem [8,13,14] of elastic torus,
and other scholars have done some research on elliptic toroidal shells [15], semi-toroidal shell [16],
multi-shell toroidal pressure vessels [17], weaving shells with naturally in-plane curved ribbons [18], it
was found that the specific strength of the inner torus is greater than that of the outer torus. Due to
this characteristic of torus, they have a wide range of applications, one of which is the production of
elastic components. Of course, they can also be made into elastic snap fits. There have been relevant
studies on beam-shaped snap fits [19,20,22], cylindrical snap fit [23,24,26] and spherical snap fit [25].
Yoshida et al. was the first study on cylindrical snap fit [23] and followed up by Guo and Sun [24,26],
and Guo and Sun was the first study on spherical snap fit[25]. However, to the best of the author’s
knowledge, there has been no research conducted on thin-walled torus snap fit. From both scientific
and practical perspectives, it is necessary to conduct research on thin-walled torus snap fit as itis a
common method of connection.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Region of positive (yellow) and negative (blue) Gaussian curvature K on torus of revolution.

Snap fit is a versatile and efficient connection method of joining two or more components together
without the need for additional connection such as screws or adhesives. It is a simple and efficient
way to assemble products, allowing for easy disassembly and reassembly if necessary. Its widespread
use in various industries highlights its effectiveness as a reliable joining technique. The snap fit
technique involves designing specific features on the mating parts that interlock when pressed together.
These features, known as snaps or hooks, provide a secure and reliable connection between the
components. The snaps can be designed in various forms, such as cantilever, annular, or torsional,
depending on the desired strength and flexibility of the joint. One of the key advantages of snap fit is
its cost-effectiveness. By eliminating the need for additional hardware, it reduces manufacturing costs
and simplifies the assembly process. Snap fit also offers design flexibility, as it allows for the creation of
complex shapes and geometries that would be difficult to achieve with traditional fastening methods.
Furthermore, snap fit connections are often reversible, enabling easy maintenance and repair. This
feature is particularly beneficial in industries where frequent disassembly and reassembly are required,
such as electronics or automotive. However, it is important to consider the material properties and
design considerations when implementing snap fit joints. Factors such as material selection, wall
thickness, friction, and snap dimensions must be carefully evaluated to ensure proper functionality
and durability [19,20].

The snap fit appears everywhere in our daily lives, from pen cap, Lego, zipper, water pipe clamp,
etc.[19,20], to receptor ligand interaction in biochemistry [27,28], and spacecraft docking [29], all use
the principle of snap fit [19,20]. The snap fit seems simple, but it reveals how an operational asymmetry
of snap fits (i.e., easy to assemble but difficult to disassemble) emerges from an exquisite combination
of geometry, friction and elasticity [19-26,30-39].

In our previous studies [24-26], we have revealed the general law of physical asymmetry between
the assembling force and the disassembling force of the snap fit through the cylindrical snap fit
[23,24] and the spherical snap fit [25]. However, due to the different demand for the snap fit, the
freedom of assembly of different snap fit is different, which also prompts us to study various snap fit
shapes. Common snap fit types include cantilever snap fit with [19,20,22], cylindrical snap fit [23,24,26],
spherical snap fit [25], torus snap fit, etc., as shown in Figure 2.
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a. Cylindrical snap fit b. Spherical snap fit c. Torus snap fit

Figure 2. Different types of snap fits and their degrees of freedom as shown in red arrow. Cylindrical
snap fit [23,24], Spherical snap fit [25].

Different types of snap fits have different feature, for example, the cylindrical snap fit has 2
degrees of freedom, the spherical snap fit has 3 degrees of freedom after assembly, and the torus snap
fit has only 1 degree of freedom after assembly. Therefore, in order to meet the assembly requirements
of different snap fits, it is necessary to carry out research on assembly and disassembly of different
types of snap fits.

Among many snap fit types, the torus snap fit is widely used in connection parts that need to be
fastened without rotation because it has only 1 degree of freedom. As can be seen from the comparison
of spherical snap fit[25] and cylindrical snap fit [23,24,26], the Gaussian curvature has a significant
impact on the assembly-disassembly force [23—-26] because the Gaussian curvature of the torus snap fit
is not zero while the Gaussian curvature of the cylindrical buckle is zero [23,25,26], we can foresee that
the torus snap fit should have a greater assembly/disassembly force than the corresponding cylindrical
snap fit. What is the actual situation, further detailed analysis and research on torus snap fit are still
needed. However, to the best of the author’s knowledge, no articles discussing the mechanics of the
torus snap fit have been seen yet.

The rest of this paper is organized as follows. In Section 2, Finite element
analysis of assembly/disassembly force is carried out. In Section 3, Experimental analysis
of assembly/disassembly force is conducted. In Section 4, Theoretical prediction of

assembly/disassembly force is formulated by data fitting. In Section 5, Conclusions are drawn
and future perspectives are foreseen.

2. Assembly/disassembly force finite element analysis of a single torus snap fit

We consider a open torus with radius R, and thickness ¢ as shown in Figure 3, which is pushed
onto a surface of a rigid torus with radius R.. The shell either clutches the rigid torus via a snap fit
or buckles on the rigid torus surface depending on the geometrical parameters of the torus shell and
torus rigid. We divide a complete torus shell into several sections of equal angles, and take out one of
them as a snap fit. In this study, we processed the full torus snap fit and set the angle to be § = 20°.
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Figure 3. Full torus snap fit, 20°-torus snap fit with opening angel ®, radius Rs, torus rigid radius
Rc = 90 mm, friction coefficient y = 0.21, and radius ratio « = R./R;. In this paper, for convenient the
torus snap fit with 6 is denoted as 6-torus snap fit.

For a single torus snap fit, whose finite element model is shown in Figure 4. In this FEM model,
Abaqus/Standard general solver module is adopted.The contact is general contact, the normal contact
is hard contact, and penetration is not allowed, and the normal direction is set as penalty. The mesh
cell type of the snap-fit is S4R, and the size is set to global ruler. Torus rigid is set to rigid body.

o[

Figure 4. Finite element model. F4 is assembly force, Fp is disassembly force.

We used ABAQUS code to calculate the 20° torus snap fit with 10 different opening angles. The
simulation process was divided into two steps: assembly and disassembly. During the assembly
process, the shell moved down at a speed of 5 mm/s until the top of the shell touched the torus surface.
After 1 s, the housing moved up at the same speed of 5 mm/s (disassembly process). The FEM results
are shown in Table 1.

Table 1. Parameters of 20°-torus snap fit

Radius ratio Angle Thickness Opening angle

« 6(o) t(mm) @ (rad)
1.14 20 0.3 19
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
1.14 20 0.3 2.7
1.14 20 0.3 2.8

Due to the interaction of elasticity, friction and geometry of the snap fit, it can be seen from the
finite element simulation results that the snap fit with different parameters ®, a, u corresponds
to different physical phenomena, namely sliding installation and jumping installation [23-25].
Accordingly, the snap fit deformation phenomena can be divided the torus snap fit into two types:
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Type I snap-fit (having small deflection before snap fit) and Type II snap-fit (having large deflection

before snap fit).
The main feature of type I snap-fit's deformation is that the shell only deflects moderately during

the assembly process, and then fits spontaneously. The assembly process of Type I torus snap fit is
shown in Figure 5.

0 02 04 06 08 1 12

R

[ o "Assemblyforce'F, o "Disassembly force' Fp |

Figure 5. Type I snap-fit with opening angle ® = 2.3 rad (having small deflection before snap fit),

2 2
assembly force ratio (ng ) and disassembly force ratio (ng ).

The main feature of the type II snap-fit is that the shell will be strongly squeezed to form an
M-shaped structure during the clamping process, and then it will suddenly jump out and cooperate
at the critical compression point, which has a certain energy absorption effect [23-25]. The assembly
process of Type 1l torus snap fit is shown in the Figure 6.
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Figure 6. Type II snap-fit with opening angle ® = 2.8 rad (having large deflection M-shape before snap

. . (FR? . . (FR?
fit), assembly force ratio (—3*) and disassembly force ratio (~5*).

It can be seen that the Type I and II torus snap fit has totaly different assembly and disassembly
force profile, which can be used for energy absorbing when design snap fit metamterials or damping

devices [39].

3. Experimental analysis of a single component torus snap fit

In order to validate the correctness of the finite element results of the 20° torus snap fit, the
numerical comparison between the simulation and the experiment is carried out. The experimental
model is fabricated by 3D printer: Stereo lithography Appearance. The snap-fit with opening Angle
@ = 2.3 rad and thickness t = 1 mm was prepared for experiment. The material is UV curable Resin.
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The assembly experiment of type I snap-fit was carried out by microcomputer controlled electronic
universal testing machine (E43.1044), as shown in Figure 7.

[ o "Experimental assembly force’ £, o "FEM assembly force" £ |

Figure 7. Experimental set up: Rs = 26.3 mm, R, = 30mm, « = R;/Rc =1.14,t =1mm, b = 8 mm,
® =22rad.

We established a finite element model according to the above model parameters, and drew a
comparison diagram between the simulation data of the model and the experimental data, as shown
in the Figure 7. According to the Figure 7, we can intuitively see that the two curves are basically
consistent, and the error does not exclude factors such as friction (friction coefficient is taken from
friction experiment). This further proves the correctness of our finite element simulation.

4. Assembly/disassembly force theoretical prediction of a single torus snap fit

For given friction p and radius ratio &, the design of snap fit is to predict the assemly/disassemly
force by adjusting opening angle ®. It means that it would be better to have a formulae of
assemly /disassemly force in terms of the opening angle ®.

The torus snap fit is difference from the cylindrical snap fit, due to the Gaussian curvature and
angle 6 of the sectional torus. To formulate theoretical prediction of assembly and disassembly force
of a single torus snap fit is very difficulty due to the complicate nature of torus mechanics [3-6,9,11].
Nevertheless, we can borrow some theoretical results from cylindrical snap fit obtained by Yoshida eta
al. [23] and later modified by Guo and Sun [24].

In order to use the results of Yoshida eta al. [23], we consider a single torus snap fit as an
equivalent cylindrical snap fit as shown in Figure 8.
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Figure 8. Torus snap fits as an equivalent cylindrical snap fit.

We compare the assembly force and disassembly force between Type I 20° torus snap fit and its
corresponding equivalent cylindrical snap fit of type I as shown in Figure 9.

19 20 21 22 23 24 s 2%
)

Assambly force of cylindrical snap fit

— Disassambly force of cylindrical snap fit

— — Assambly force of torussnap fit

— — Disassembly force of torus snap fit

Figure 9. FEM assembly force and disassembly force of Type I 20° torus snap fit and its corresponding
equivalent cylindrical snap fit of type I.

It is obvious that the assembly force F4 and disassembly force Fp of 20° torus snap fit are obviously
higher than that of cylindrical snap fit, due to the influence of curvature. The good thing is that their
curve profile has same trend. Therefore, under the condition of small deformation (type I snap-fit),
2.0 < ® < 2.6 rad, we fit the scatter diagrams of assembly force-opening angle and disassembly
force-opening angle, as shown in Figure 9. Since no analytical solutions have been obtained for the
torus snap fit, the formulae of cylindrical snap fit derived by [23,24] will be used as basic fitting
function.

We consider an open cylindrical shell with radius of Rs, thickness of ¢, length of L, and opening
angle of ®. It is pushed onto the surface of a rigid cylinder with a radius R, to form a simple cylindrical
snap fit [23,24], as shown in Figure 10.
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Figure 10. Schematic diagram of cylindrical snap fit [23,24].

Taking into account the interactions between the topology, bending elasticity, and friction that
are characterized by the initial opening angle ®, mismatch ratio &« = R./Rs, elasticity modulus E, and

friction coefficient y, the assembly process of the snap fit can be analytically formulated [23,24].
Based on the theoretical formulations of cylindrical snap fit by Yoshida and Wada [23], we have

(1)

fitting expression of assembly force of 20° torus snap fit as follows

2
E ABRS =15(2.8—0.10 — 0.2d?) f,,
in which the assembly force ratio of the cylindrical snap fit is given by
sin® 3/2
fa = 20Ky (®)S(a, P, 1) {1 _ (a>2/3} , @)
The fitting expression of disassembly force 20° torus snap fit is
2
i DBRS =1.7(2.8 — 1.2® + 0.3259%) fp, 3)
in which the disassembly force ratio of the cylindrical snap fit is given by
sin(®/a) —a~1sin®
b = 20K, (P . (4)
o = 2K @) @) 7K (®) — g(@ /1)
The elastic coefficients are defined as
o 3 -
Ky (@) = 5~ (zsin® — dcosP)cosP| (5)
1 P
Kyl (®) = [§+(17q>sinq>—3“;s )cos @]}, 6)
where
— tan tan[(a ! sin ®)1/3
—F ¢ S(“r D, ,’l/l) = Kx\\(q:')[( sinCID) ) 3] )
K@ 85 3, u)

sl pu) = m,

Figure 11 shows that the approximate analytical expressions in Eq.1 and Eq.3 are in good agreement

with our finite element analysis.
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Figure 11. Type I120° torus snap fit: Assembly and disassembly force vs. opening angle ®.

Eq.1 and Eq.3 reveal that the torus snap fit has a greater carrying capacity than the cylindrical
snap fit [23,24], since both coefficient functions "1.5(2.8 — 0.1® — 0.2d?)" and "1.7(2.8 — 0.1® — 0.2d?)"
are greater than 1 in the domain of ® € (7/2,7) as shown in Figure 12, which confirms our
prediction that given in the introduction: "we can foresee that the torus snap fit should have a
greater assembly/disassembly force than the corresponding cylindrical snap fit."
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Figure 12. Coefficient functions "1.5(2.8 — 0.1® — 0.2d?)" and "1.7(2.8 — 0.1® — 0.2d?)" vs. 1.

5. Conclusions and perspectives

In this paper, we conducted a detailed study on thin-walled torus shell snap fit from two aspects:
finite element simulation and experimental analysis. In order to facilitate the design prediction
of snap fit's assembly/disassembly force, we approximated the thin-walled torus snap fit as an
equivalent cylindrical snap fit, and obtained an approximate analytical expression for the torus snap fit
assembly/disassembly force through data fitting. It is worth noting that due to the Gaussian curvature
of the thin-walled torus, which can be positive or negative, it has special geometric and mechanical
properties. It was found that the assembly/disassembly force of the torus snap fit is larger than that of
the equivalent cylindrical one. The mechanical performance of the thin-walled torus snap fit can be
used to design linkages/connentions/joints and energy absorption mechanisms with special needs.
Finally, to the best of the authors” knowledge, this is the first detailed study of torus snap-fit mechanics
in the context of the physics of thin structures. This study combines experiment, numerical simulation,


https://doi.org/10.20944/preprints202311.0599.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 November 2023 d0i:10.20944/preprints202311.0599.v1

10 of 11

and linear elasticity theory data fitting, reveals a quantitative design space for snap fits and illustrates
how an exquisite combination of geometry, elasticity, and friction leads to an emergent mechanical
asymmetry between the assembling and disassembling processes, which can be used for a range of
mechanical designs with tunable functionalities.

Data Availability Statement: The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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