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Abstract

By-pass switches play a crucial role in high-power electrical equipment, where reliable
mechanical insertion and stable electrical contact are essential for safety and performance.
However, few computational models have been developed to characterize the coupled
mechanical-electrical behavior of by-pass switches with axially canted coil springs, which
limits the understanding of their structural parameter effects. Motivated by this gap,
this work investigates the mechanical insertion force and electrical contact resistance of
by-pass switches with axially canted coil spring by combining analytical modeling and
finite element simulation. The variations in mechanical insertion force, contact force and
associated contact resistance as functions of the insertion displacement are presented. The
total electrical contact resistance could comprise three components of resistance, that is,
constriction resistance between multiple turns of coil spring wires and pin, constriction
resistance between multiple turns of coil spring wires and V-shape groove, and the bulk
resistance. The effects of structure feature parameters (including turns, spring wire diameter,
inclination angle of axially canted coil spring wire, cylindrical pin chamfer radius and
V-shape groove angle) are evaluated. Subsequently, the associated empirical formulas are
established to guide the design of by-pass switches with axially canted coil springs.

Keywords: by-pass switch; axially canted coil spring; mechanical insertion force; electrical
contact resistance

1. Introduction

By-pass switches are widely used in high-power transmitting systems [1-5] and
electrical vehicles (EVs) [6-8] for connecting individual series battery units and isolating
the faulty one when needed. As shown in Figure 1, when the series batteries are in the
normal state, the by-pass switch remains in the original position. The load current flows
through the connected normally closed contacts, L; and L. When the faulty battery needs
to be removed from the circuit, the by-pass switch is triggered to make the contacts L,
and L3 close first and then forms the short circuit loop. Next, the contacts L1 and L, are
separated, and the faulty batteries are isolated correspondingly. The operation process of
the by-pass switch includes the normally opened contacts making and normally closed
contacts breaking in turn, which ensures that the external power supplying circuit cannot
be influenced by the switching behavior.
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Figure 1. Working principle of by-pass switches. (a) Original position. (b) Triggering state. (c) After
triggering.

The designed axially canted coil spring structure, shown in Figure 2, is favored in high-
power electrical interconnection engineering. The advantage of such a structure allows the
small pin assemblies pass through high electrical power in a limited space. Meanwhile,
the circuit resistance is required to be as small as possible in order to ensure a reduction in
power consumption and a rise in temperature. However, the introduced axially canted coil
spring within by-pass switches also brings up the current constriction problem in every
mechanical detachable contact region. Although the classical Holm theory [9] stated that
the increment of contact force could effectively reduce contact resistance, it would lead
to higher insertion force and induce excessive mechanical sliding wear. So, the design of
by-pass switches with axially canted coil springs to achieve the optimal mechanical and
electrical performance has been of great interest among researchers and the industry.

Fixed base embedded
with axially canted
coil spring

Driving
spring
. Pin
Spacing
hole

N.C. contacts
W Sleeve
Figure 2. Mechanical structure of the whole by-pass switch.

Ever-present calculation models well describe the effects of interface profile [10-13],
material properties [14-16], and contact force [17-19] on the contact resistance. But the
relationship between contact area and contact force, and the relationship between insertion
displacement and contact force, are two basic conditions for the electrical contact resistance
calculation. To do this, Soler and Rangel [20] proposed a geometrical description of a canted
coil spring as a particular type of space curve, and the influence of the canted angle on the
geometrical curvature and torsion was investigated. Schriefer et al. [21] explicitly analyzed
the effects of design parameters (wire diameter, canted angle, coil height, spring diameter,
and number of turns) on the contact force and electrical resistance of axially canted coil
springs in order to increase ampacity for high-current applications.

In recent years, a number of studies have advanced the understanding and appli-
cation of canted coil springs. Some focused on experimental investigations of wear and
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leakage in spring-energized seals under high-cycle or extreme operating conditions, pro-
viding insights into the durability and tribological characteristics of canted coil spring
energizers [22,23]. Others addressed material optimization and structural modeling, such
as axisymmetric simulation approaches and material selection methods to improve sealing
and electrical contact performance [24-27]. Numerical and finite element studies have also
been conducted to investigate mechanical deformation, stress relaxation, and resilience
of Ni-based alloy canted coil springs in dynamic seals [28], as well as to establish equiva-
lent models for spring-energized rings to simplify computation [29]. In addition, several
reviews on tribology and wear modeling highlighted the role of canted coil spring ener-
gizers in practical sealing and electrical contact applications, demonstrating their growing
importance in multiphysics coupling analyses [30,31].

Nevertheless, due to the complexity and large number of optimization parameters of
the axially canted coil springs, Guan et al. [32] simulated the mechanical contact deforma-
tion of the contact finger structure within GIS disconnector by introducing the equivalent
elastic annular spring element. Nowadays, the commercial FE software codes provide the
Contact Pair for structural contact and multiphysics contact modeling. However, when
the simulation model contains too many Contact Pairs, a multi-fold increase in calcula-
tion convergence difficulty is observed. So, an analytical calculation model of mechanical
force and electrical contact resistance is urgently demanded to substantially reduce the
computational time for the optimization algorithm.

Therefore, this work aims to establish a comprehensive framework for analyzing the
coupled mechanical-electrical behavior of by-pass switches with axially canted coil springs.
The main tasks are as follows: (i) to develop an analytical model for insertion force and elec-
trical contact resistance, (ii) to validate the model by finite element simulations, and (iii) to
examine the influence of key structural parameters on the coupled performance. The pur-
pose is to provide design-oriented formulas that reduce computational costs while retaining
predictive accuracy. The structure of this paper is organized as follows: Section 2 describes
the geometry of the by-pass switch with axially canted coil springs. Section 3 presents the
mathematical model for insertion force and electrical contact resistance. Section 4 builds
the simulation model using COMSOL Multiphysics for comparison. Section 5 investigates
the effects of different spring configurations on insertion force and contact resistance and
provides fitting formulas applicable to by-pass switches. Section 6 concludes the study.

Beyond the specific application in by-pass switches, the proposed modeling approach
and the insights into the coupling between insertion force and electrical contact resistance
are also applicable to other fields, such as electrical connectors, high-current relays, power
electronic modules, and more generally, to the study of electrical contact phenomena in
advanced energy systems.

2. Description of By-Pass Switches with Axially Canted Coil Spring

As shown in Figure 2, the mechanical structure of the by-pass switch mainly contains
the cylindrical pin, axially canted coil springs, fixed bases, driving springs, and fuses.
Figure 3a,b illustrate the fixed base embedded with an axially canted coil spring. The
relevant parameters of the axially canted coil spring mainly include wire diameter ds, mean
diameter of ring spring dp,, the single coil size (long half-axis length a; and short half-axis
length a,), and coil turn n. The single turn of the canted coil spring has one contact spot
with the pin and two contact spots with the V-shape groove of the fixed base [shown in
Figure 3c].
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Figure 3. Illustrations of axially canted coil spring and mating status. (a) Axially canted coil spring.
(b) Mating status. (c) Contact spots of the single turn spring wire.

Initially, the driving spring is in a compressed state before fuse triggering [shown in
Figure 4a]. The pin connects with the N.C., contacts L; and L, under the restriction of the
spacing hole. When receiving a trigger command, the fuse burns out, and the pin pops
up with the help of the driving spring. Then, the pin interconnects the three terminals of
L, Ly and Lz [shown in Figure 4b], and then disconnects with the terminal L, [shown in
Figure 4c].

(b) (©)

Figure 4. Mechanical working state of the by-pass switch. (a) Original position. (b) Triggering state.
(c) After triggering.

3. Analytical Calculation of Insertion Force and Electrical
Contact Resistance

The axially canted coil spring wire model of interest and associated load conditions
are given in relation to Figure 5. The centerline of a single coil spring wire could be
mathematically described by a set of parametric equations:

x(t) = szlcost
y(t) = %sintcos W) @
z(t) = % + %Osintsin«xo

where ¢ € [0, ) for the first half turn of the coil spring, and t € [7, 27) corresponding to
the second half turn of the coil spring; dy and «g are the diameter (center to center) and
the axially canted angle of the reference circle; p is the pitch between two adjacent coil
spring wires.
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Figure 5. Description of a single axially canted coil spring wire and associated contact problem.
(a) Defined variables. (b) Loading forces. (c) V-shape structure of the fixed base.

As shown in Figure 5b,c, Point O is taken as the reference circle center, and points A
and C represent the mechanical contact boundaries between the single coil spring and the
fixed base; point B is the mechanical contact position between the pin and the single coil
spring. Then, the force balance equation in the vertical direction and the moment balance
equation are as follows:

{ Fg = Fa + Fc )
FA'p+FB' (dosinl)(o — g) =0

where Fp and Fc represent the loading forces provided by the fixed base, and Fp is the
loading force provided by the cylindrical pin.
Thus, the solutions of Fa and F¢ are given as follows:

FA:@_M% T

FC: (%_Fdos;nag FB

)

Furthermore, the initial forward tilt angle B of the first half-turn coil spring wire and
the forward tilt angle g of the second half-turn coil spring wire could be expressed as

follows:
. t dy sin ao—g
Bo = arc A T )
. ¢ dy sin 0([)+%
Yo = arctan—r—" 0%

Then, the initial diameter of the reference circles for the first half-turn coil spring wire

dy is dy Eg:gg and the initial diameter of the reference circles for the second half-turn coil

spring wire d is do ol

cos7yg
coil spring during the mechanical insertion process. So, the intersection angle ¢ between

. Figure 6a plots the initial contact between the pin and the single

the line EF and the vertical axis line is expressed as follows:

Tot — (rp — 71
Qo = arccos 2P P (rp — rpc) ®)

pe

hps —docosag
sinug
radius of the pin; rp. is the chamfer radius of the pin; hyps is the center height of the pin; 75 is

where rp is the radial distance, and expressed as rpt = — 7s; 1p is the cylindrical

the spring wire radius.
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Figure 6. Schematic plot of the mechanical insertion process. (a) Initial contact. (b) Elastic deformation.
(c) Variations in contact position on the cylindrical pin.

Given the insertion displacement x in the horizontal loading direction, the intersection
angle is changed into the following:

Tpe SIN QYo — X

¢’ = arcsin (6)
Tpe
and the radial distance rpt” is written as follows:
rpt’ = rpt + Al (7)

where Ah = rpccos ¢ — 1pccos @ is the height variation in the single coil in the vertical
direction.

Meanwhile, the change in the forward tilt angle g’ and <’ could be expressed as
follows:

dosina’ — &

B = arctan%
g cosa (8)

! — arct dysina’+5

7' = arctan= >

where the inclination angle a” could be solved from (rpt” + 75)sin a” + docos a” = hps. The

cosa’ cosu’
cosp! cosy'*

According to Mohr’s integral theorem [33], the deflection J of the axially canted coil
spring wire in the vertical direction under the load force is as follows:

5= Z/SFM;‘SZIZ(’%HZ/ST(’é);p(x) ds+2/57M<9;)e]I\f(x)ds )

diameter dy’ is revised as d and dy’ is revised as d

where Fy(x) and Fy(x) are the original load force and preload unit force, T(x) and T(x)

are the original torque and preload unit torque, M(x) and M(x) are the original bending
moment and preload unit bending moment, E. is the elasticity modulus, G is the tangent
modulus, A is the cross-sectional area of the single coil, Ip is the polar inertia moment, and
I, is the inertia moment, respectively.

Considering that the ratio of length and wire radius is larger than four for the single
coil, the influences of shear and tensile force on the deformation of spring wire are ignored.
The relationship between the deflection J; (J;) of the first (second) half-turn coil spring
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wire and the vertical load force Fp is listed in Appendix A. Then, the whole deflection 6 of
the single coil spring wire is as follows:

o1+ 0
5= 91+ (10)
2
And then the stiffness ks of the single turn coil spring wire is as follows:
I
, =11 )

The equivalent stiffness ky, of the whole axially canted coil spring wire with # turns in

parallel is as follows:
I3
knzn-ksznf (12)

As shown in Figure 7, the friction force Fy between the pin and the axially canted coil
spring is as follows:
Pf = ,’l/lP con (13)

in which y is the friction coefficient.

Insertion direction
—_—

Cylindrical pin

contact
point

Figure 7. Illustration of the contact load force.

The equations describing the force balanced relationship in vertical and horizontal
direction are as follows:

F = F1 + Fp = Feonsin ¢’ + Ff cos ¢’
, T, (14)
Fg = Feoncos ¢’ — Ff sin @
So, the insertion force of the cylindrical pin is derived as follows:
sin ¢’ + p cos ¢’
R= 2P RO (15)

~ cos ¢/ — psing/

As illustrated in Figure 8, the mechanical contact between the single turn of axially
canted coil spring wire and the cylindrical pin, and the mechanical contact between the
spring wire and the fixed base, both could be equivalent to the classical Hertzian contact
because of the substantial difference in radius of the two contacting members. In [34], the
equation describing the relationship between the interference §4 and the normal load force
P is as follows:

P= %E*Re%ad% (16)
where E is the equivalent elastic modulus of two connected interface materials; Re is the
equivalent curvature radius of the contact position.
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Figure 8. Schematic of the single canted coil spring wire and the pin.

The semi-major axis a2 and the semi-minor axis b of the produced elliptical contact area

a = +/Re1d4 (17)
b= V' Re204

where R is the equivalent curvature radius, related to dy/2 and rp; Re is the equivalent

are as follows:

curvature radius, related to rs and 7.
Then, the contact resistance R, of the elliptical contact area is [9] as follows:

R =L [7 a8 18
s (a2 + &) (02 + 7)) "

where p is the electrical resistivity of the contact material.
As shown in Figure 9, the contact resistance R.” produced by the cylindrical pin, the
single-turn canted coil spring wire, and the fixed base is as follows:

(R;—Z + Rifz) (R;';3 T Réj)

(Ri? +RE?) + (R +RE)

R = R 4 (RiZ +RE2) 7/ (R® + REP) = RE + (19)

where i represents the ith single-turn canted coil spring and R is the contact resistance
between the cylindrical pin and the single-turn canted coil spring wire. Ré—z and RZ—3 are the
bulk resistance of the axially canted coil spring wire. Both R:2 and RE are the paralleled
contact resistance between the single-turn canted coil spring wire and the fixed base.

Terminal of the cylindrical pin
N ]

Terminal of the fixed base

Figure 9. Illustration of contact resistance of the by-pass switch with axially canted coil springs.
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Source
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The total resistance R. of by-pass switch could be considered as the sum of the bulk
resistance R} of the cylindrical pin, the bulk resistance R} of the fixed base and the parallel
resistance of R.”, and could be written into the following:

Rc =R} + R} +RS/N (20)

4. FEM Modeling for Mechanical and Electrical Field Analysis

To further determine the contact stress distribution and electrical current distribution of
the by-pass switch with axially canted coil spring, the commercial FEM software COMSOL
Multiphysics is used to numerically simulate the mechanical contact and electrical field.
COMSOL Multiphysics® 6.3 (COMSOL AB, Stockholm, Sweden) provides a more flexible
multiphysics coupling environment. It allows seamless integration of electrical, thermal,
and mechanical fields, which is particularly advantageous for accurately simulating the
electro—thermal-mechanical interactions in this work. As shown in Figure 10, a hollow
cylinder with a radius of 5.45 mm and a chamfer radius of 1.5 mm is modeled as the pin,
and a concentric cylinder with a radius of 9.5 mm and a V-shape groove is built as the fixed
base. The main size parameters of the by-pass switch are listed in Table 1, and the material
properties are listed in Table 2.

Displacement Electrical
load ground

4 Constant
potential

g
Source x) mm 6

ZL: PR o = Taurget ll;"(‘mndnry boundary 11 " * ** Fixed ljo“""in;l'y f-x: e
(@) (b) (©
Figure 10. Illustration of simulation model. (a) Geometry model. (b) Boundary conditions.
(c) FEM mesh.
Table 1. Main size parameters.
Components Parameters Value
Diameter dj 2.15 [mm]
Inclination angle &g 60°
Axially canted coil spring Wire diameter ds 0.3 [mm]
Turn n 65
Pitch p 0.35 [mm)]
Center height hips 7.0 [mm]
Cylindrical pin Cylinder radius rp, 5.45 [mm]
Chamfer radius rpc 1.5 [mm]
Fixed base V-shape groove angle ¢ 80°
Table 2. Properties of involved materials.
. Young's Tangent Density  Poisson’s Electrical
Components Material Modulus (GPa) Modulus (GPa) (kg/m3) Ratio Resistivity ((2-m)
Canted coil spring Beryig‘ggeggonze 128 50 8250 0.3 9.5 x 1078
Cylindrical pin
y P Red copper 116 46 8940 0.33 1.68 x 108

Fixed base
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A Cartesian space curve is created by multiplying the helix curve of the linear coil by
a rotation matrix and is located between the pin and the fixed base. Two groups of contact
pairs are set for the whole mechanical structure during the insertion process individually.
The first group is used to characterize the mechanical contact between the pin and the
axially canted coil spring, and the second group is to describe the mechanical contact
between the axially canted coil spring and the fixed base. For mechanical contact problem
simulation, the axially canted coil spring outer surface is set as the target boundary, and
the pin outer surface and the V-shape groove surface are appointed as the source boundary.
Meanwhile, the outer surface of the fixed base is fixed, and the displacement load is
vertically applied to the top surface of the cylindrical pin using a single step of 0.001 mm,
together with the total 500 sub-steps. A constant electrical potential of 10mV is loaded on
the terminal of the pin, and the fixed base terminal is grounded electrically. The whole
geometry model is meshed with 3D traditional tetrahedral elements, and the meshes are
graded outward from the initial contact point, with the densest mesh in the contact regions.
The minimum size of the mesh is 50 um and the contact surfaces are assumed to be smooth.

The stress distribution simulation results of the axially canted coil spring at 0.5 mm
insertion displacement load are shown in Figure 11. As plotted, the stress becomes higher
toward the contact region between the pin and the axially canted coil spring wires, between
the axially canted coil spring wires and the V-shape groove. The observed maximum
contact stress of the axially canted coil spring is 252.5 MPa, almost a quarter of the yield
strength of 1000 MPa of the involved material CuBe2. The results indicate that the deforma-
tion of the axially canted coil spring is elastic. In addition, it is noted that the deflection
deformation of the axially canted coil spring exists simultaneously in the radial and cir-
cumferential direction during the whole insertion process. Variations in the contact profile
of individual spring wire indicate that when the insertion displacement increases from
0.05 mm (initial contact) to 0.1 mm, the deformation in the radial direction enlarges the
same as in the circumferential direction. However, the contact zone mainly expands along
the circumferential direction with further increment of insertion displacement. As seen,
the reference circle of the axially canted coil spring shows substantial deflection with the
increment of insertion displacement. This results in the non-negligible position shift in
every turn of the coil spring, which agrees well with the assumption in the theoretical
modeling process. Once the pin chamfer part is inserted completely, the mechanical stress
results remain stable. Figure 12 plots the electrical current lines profile and isopotential
maps at 10mV electrical potential load. The current flows from the pin terminal to the fixed
base terminal, and the current lines constrict uniformly toward every contact region within
the axially canted springs and the simulated stable contact resistance is 1.85 p(.
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Figure 11. Variations in contact stress distribution as a function of insertion displacement. (a) In-
sertion displacement of 0.6 mm. (b) Zoomed-in view of 0.05 mm. (¢) Zoomed-in view of 0.08 mm.
(d) Zoomed-in view of 0.1 mm. (e) Zoomed-in view of 0.15 mm. (f) Zoomed-in view of 0.2 mm.
(8) Zoomed-in view of 0.25 mm. (h) Zoomed-in view of 0.3 mm. (i) Zoomed-in view of 0.4 mm.
(j) Zoomed-in view of 0.45 mm. (k) Zoomed-in view of 0.5 mm.
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Figure 12. Simulation results for 10 mV electrical potential load. (a) Distributions of electrical
potential. (b) Distributions of the current density modulus and electrical current lines profile.
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5. Results and Discussion
5.1. Validity of Analytical Model

Figure 13a shows the variations in the mechanical insertion force of the cylindrical pin
and an axially canted coil spring as a function of insertion displacement. The mechanical
insertion force behavior appears to be characterized by a few distinct stages. In the first
stage, the insertion force increases nonlinearly to 14.85 N, followed by a gradual decrease in
contact resistance from 10.29 mQ) to 1.87 mQ). At 0.259 mm, the maximum value of 14.85 N
is named as the insertion force peak value. After 0.412 mm, the insertion force remains
stable at about 11.99 N. When the insertion displacement is less than 0.412 mm, the spring
coils are in contact with the pin chamfer, resulting in a nonlinear variation in the insertion
force. After the displacement reaches 0.412 mm, the pin is fully inserted, and the spring
coils maintain stable contact with the cylindrical surface, leading to a steady insertion force.
The relationship between the insertion force and pin displacement correlates well with that
of the electrical connectors [35-37]. As shown in Figures 13b and 13c, when the insertion
displacement is less than 0.257 mm, the contact force and contact area increase rapidly
to 41.44 N and 2.21 mm?, respectively. Afterwards, they gradually increase to 46.06 N
and 2.42 mm?. Once the displacement exceeds this threshold, the contact force of 46.06 N,
contact area of 2.42 mm?, and contact resistance of 1.79 pQ) remain stable. The coefficient of
friction between the spring and the cylindrical pin was determined as p = 0.26.

50 - . . 3.0 116
----- Simulation results N=65

Analytical results -

—=— Contact area
—=— Contact resistance 114

w I
S S
1 1

Contact force (N)
8
|

Contact area (mm?)
Contact resistance (nQ)

S
1

R=6.53F,,, "%

T T T T T T 1
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Insertion dispalcement (mm) Contact force (N)
(b) (c)

Figure 13. Comparison of the analytical results and FE simulation results for (a) insertion force; and
(b) contact force. (c) Fitting results of the contact area and contact resistance.

The simulation results are also included in Figure 13. The FE numerical calculation
results are in excellent agreement with the analytical calculations for the coil turns 7 ranging
from 35 to 65. The maximum deviation of these two critical characterization parameters
for the canted coil spring is less than 0.7%. This means the equivalent Hertz contact
between the single canted coil spring and the cylindrical pin is reasonable. The above
comparisons for the typical characteristic parameters demonstrate the feasibility of the
proposed direct analytical stiffness modeling method. In terms of computational time,
there is a substantial difference between the FE simulation and the analytical calculation
model. FE simulation requires 11.5 days for the convergence of mechanical contact and
electrical analysis. However, for the analytical calculation model, the exact solution is
obtained in 19 s, which is more than 50,000 times faster faster than the FE simulation in
terms of computation time. Both calculations ran on a specialized simulation worksta-
tion with an Intel Xeon Silver 4210R processor, with 64 GB of RAM and 2.4 GHz max
clocking speed.

The above results demonstrate that the elasticity of the axially canted coil spring
structure is nonlinear in the insertion process. The variations in contact area and contact
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resistance as a function of the contact force are mathematically fitted. The fitting power laws
Sc = 0.17Fcon®” and R¢ = 6.53Fcon ~93* indicate that the contact area and contact resistance
of the by-pass switch with axially canted coil springs could be predicted according to the
contact force in the mechanical insertion process.

5.2. Influencing Factors

Figure 14 shows the effects of wire diameter ds of the axially canted coil springs,
chamfer radius of the pin rp of the cylindrical pin, inclination angle «( of the single coil,
and the V-shape groove angle 6 of the fixed base on the mechanical insertion and electrical
contact behaviors. It is obvious that the relationship between insertion force and insertion
displacement has similar changing trends, and the contact resistance always decreases
nonlinearly and monotonically with the cylindrical pin moving forward. As shown in
Figure 14a, the maximum value of 0.201 N and 98.068 N, and the stable value of 0.156 N
and 82.732 N for the insertion force both increases, and the stable value of 8.268 uQ) and
0.901 uQ for the contact resistance decreases with the wire diameter of axially canted coil
springs increasing from 0.1 mm to 0.5 mm. When the chamfer radius of the pin increases
from 1 mm to 2 mm, the maximum insertion force reduces from 15.942 N to 14.262 N and
the stable contact resistance decreases from 12.022 N to 11.991 N correspondingly [shown
in Figure 14b]. This indicates that the increment of chamfer radius of the pin could decrease
the peak value of insertion force and stable value of contact resistance. With the angle
expanding from 40° to 120°, the insertion force curves coincide, and the contact resistance
increases from 1.649 pQ to 1.871 puQ) [shown in Figure 14d].

In order to further establish the relationship between the characteristic parameters
(contact force Feon between pin and axially canted coil spring, the insertion force peak
value Fy, and stable value Fps, the contact resistance stable value R¢) and size parameters
(wire diameter ds, chamfer radius of the pin rp, inclination angle & of the reference circle,
V-type groove angle #), more theoretical calculation results are obtained by taking size
parameters in Table 1 as the central values (shown in Figure 15). The power function and
second-order polynomial function are selected to guarantee the coefficient of determination
R? value larger than 0.95, and the fitting results of the characteristic parameters and size
parameters are presented in Table 3. It is clear that the V-type groove angle only affects the
contact resistance, while the wire diameter and the inclination angle of the reference circle
have significant effects on all four characteristic parameters. The effect of wire diameter
is relatively straightforward. As the wire diameter increases, the cross-sectional area of a
single coil (Ac), the polar moment of inertia (I},), and the moment of inertia (I,) all increase.
This reduces coil deformation and increases stiffness, thereby raising the contact force.
Consequently, both the peak and stable insertion forces increase, and the contact area also
expands, which leads to a decrease in contact resistance. The influence of inclination angle
is more complex because it simultaneously affects multiple variables related to contact
force. As shown in Figure 15, the contact force increases initially and then decreases with
the inclination angle. This trend results in both the peak and stable insertion forces first
increasing and then decreasing. The contact area follows the same variation as the contact
force, which in turn causes the contact resistance to first decrease and then increase. Taking
the contact resistance as an example, the advantage of establishing the above formulas is

’1'37rpc’0'0480c0 —251190.1156 . by, for the inclination

to obtain a related expression R. = k;d;
angle of reference circle ranging from 60° to 72°, including two undetermined coefficients
ki and by. Then, k; and by could be determined by two known values of contact resistance,
which could be obtained by the finite element simulation or experimental measurement.
Other investigations into contact resistance could be conducted by changing the size

parameters. This method could also be applied to study other characteristic parameters.
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120 4

The presented method proves to be highly effective compared with the time-consuming
FE simulation.
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Figure 14. Variations in the insertion force and contact resistance as a function of the insertion
displacement. (a) The wire diameter ds = 0.1, 0.3, and 0.5 mm. (b) The chamfer radius of the pin
rpe = 1.0, 1.5, and 2.0 mm. (c) The inclination angle of the single coil spring ag = 60°, 70°, and 80°.
(d) The inclination angle of the V-shape groove 6 = 40°, 80°, and 120°. (Solid lines represent the
insertion force, while dashed lines represent the contact resistance).
Table 3. The fitting results of the characteristic parameters and size parameters.
. . . Inclination Angle of V-Sh roov
Parameters Wire Diameter d; Chamfer Radius rpc clinatio gle o Shape Groove

Reference Circle g Angle 0

Contact force Feon
Peak value of
insertion force Fj
Stable value of
insertion force Fg

Contact resistance R.

4661.2 x dg3867
1214.8 x d¢3-868

10.4492 + 150.4a9 — 5235
—0.27wo? + 39.1409 — 1362.5

1382.1 x dg38%7 15.885 X rpc 162 —0.52002 + 749309 — 2617.6

—0.004a92 — 0.58a9 + 22.11
(46,7200 2511 60° < ag < 72°;
0.0082ap 2311, 72° < 5y < 80)

0.348 x ds 137 1.828 X rp 0048

1.078 x 01156
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Figure 15. Variations in contact force Fcon, contact resistance R, stable value Fj; and peak value Frp
of the insertion force as functions of (a) wire diameter ds, (b) pin corner radius 7y, (¢) inclination
angle «p; and (d) V-shape groove angle 6.

6. Conclusions

This work aims to propose a comprehensive framework for analyzing the coupled
mechanical—electrical behavior of by-pass switches with axially canted coil springs. The
novelty and task of this study lie in establishing a coupled mechanical-electrical analytical
framework that achieves results comparable to FE simulations with much higher efficiency
and further provides associated empirical formulas. The novelty and task of this study lie
in establishing a coupled mechanical-electrical analytical framework that achieves results
comparable to FE simulations with much higher efficiency and further provides associated
empirical formulas. Our results indicated that the relationship between the constriction
resistance and contact force conforms to a power function well. Thinner wire diameter
and larger inclination angle of the reference circle for the axially canted coil spring could
decrease the insertion force, while a larger V-type groove angle could reduce the total
contact resistance with the insertion force remaining constant. And larger chamfer radius
could smooth the insertion process with a lower maximum value and the same stable value
of the insertion force. A series of empirical formulas and associated applicable methods
are presented to guide the axially canted coil spring design. The FE simulation requires
11.5 days for convergence, whereas the analytical calculation model achieves the solution
in 19 s, which is more than 50,000 times faster while providing similar results. The main
advantages of the proposed approach are computational efficiency and clear physical
interpretability, while simplifications of nonlinear effects and material imperfections may
limit accuracy under extreme conditions. Future work will focus on experimental validation
of the proposed model to verify its accuracy.
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Appendix A

The micro segments ds; and ds; for the first- and second-half coil, respectively, are
further selected to analyze the deformation state. According to the principle of force
balance, the load force Fg, which originally applies to point B, could be translated to the
micro segment dsj, and the additional couple moments M; could be expressed by the
following:

M1:F~[(d1,dllcos(9)sinﬁ’} (A1)
2 2
The tensile force Fy; along the t-axis for the micro segment ds; is as follows:
F;1 = Fcosp'sin6 (A2)
And the shear force Fy,; and Fy; along the b-axis and n-axis, respectively, are as follows:
Fy; = —Fcos B’ cosf (A3)
Fy = Fsinp (A4)
For the moment analysis, the rotation torque Ty along the t-axis is as follows:
Ty = Mcos B sin 6 (A5)
The bending moment of My, and My, along the b-axis and n-axis are as follows:
My, = Mcos p’ cos 0 (A6)
M,; = Msinf’ (A7)

The load force Fg, which originally applies to point B, could also be taken to the
micro segment ds; in the second half coil, and the additional couple moments M; could be
obtained by the following;:

dy dy o
My =F- 7—7c059 sin y (A8)

The tensile force Fy, along the t-axis for the micro segment ds; is as follows:

Fip = Fcosv'sin® (A9)
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Figure A1l. Analysis for the first turn of the single coil.

And the shear force Fy,; and Fp,; along the b-axis and n-axis, respectively, are as follows:
Fyp = —Fcos?' cosf (A10)

F.» = Fsing/ (A11)

For the moment analysis, the rotation torque T}, along the t-axis is as follows:
Ti» = Mcos’ sin 6 (A12)

The bending moment My, and M,,; along the b-axis and n-axis are as follows:
My, = Mcos v’ cosf (A13)

M, = Msiny/ (A14)

baxis  faxis

s
S

s
s ——an
s ..
s ~

Figure A2. Analysis for the second turn of the single coil.
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