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Abstract

Braking drag is a typical fault of brake systems, and clarifying the correlation mechanism
between vehicular working conditions and braking drag is critical for brake design im-
provement. Based on fluid mechanics and contact mechanics, this paper establishes a
dynamic model for braking drag mechanism analysis, combined with the return mecha-
nism and force-bearing state of brake pistons. Firstly, a commercial vehicle brake system
dynamic model is built via Amesim, and piston sliding resistance is identified as the key
factor leading to insufficient piston retraction through user operational data analysis. Sub-
sequently, a fluid-structure interaction-based dynamic coupling model of drag mechanism
is established, typical braking conditions are extracted via K-means clustering, and piston
friction, displacement and drag torque are solved with the system model outputs as inputs.
Finally, drag-prone working conditions are determined, and the disc brake drag mecha-
nism is revealed. The results show that piston sliding resistance is the primary factor in
braking drag; medium-low speed prolonged braking has high drag susceptibility; and the
seal contact area is in mixed lubrication, with contact pressure and friction dominated by
asperity shear stress. This work enables accurate identification of drag-prone conditions,
providing guidance for brake system optimization.

Keywords: disc brake; braking drag; braking conditions; brake system; friction force;
piston sliding resistance; rectangular sealing ring; K-means clustering

1. Introduction

Commercial vehicles frequently brake during operation, making them prone to brake
drag [1]. Brake drag is defined as residual contact between the brake disc and friction pads
after the brake pedal is released, generating drag torque which causes continuous braking
during vehicle operation [2,3]. The presence of brake drag increases vehicle driving re-
sistance, shortens range, accelerates brake wear, reduces service life [4-8], and seriously
endangers driving safety. To address this issue, clarifying the mechanism of brake drag is
crucial. Current research on its mechanism primarily relies on drag dynamic models and
bench tests.
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The motion relationships between components during brake operation are complex,
requiring model simplification. The brake is simplified into a mass-spring system in many
studies [9,10]. Tan Shunan et al. [11] developed a drag dynamic model based on fun-
damental drag mechanics formulas, considering caliper stiffness, friction pad stiffness,
and sealing ring characteristics. Zhang Lu et al. [12] proposed that increased piston re-
traction facilitates earlier separation of the brake disc and pads, reducing drag torque.
Wang Yukun et al. [13] significantly improved drag torque by optimizing the compression
amount of the friction pad assembly. Sun Meng et al. [14] proposed a specially shaped seal-
ing structure, analyzed the failure of the sealing ring from the perspective of reliability, and
provided a new perspective on research on brake drag.

Bench tests on disc brakes show that increasing brake clearance [15] and piston re-
traction distance reduces drag torque but increases caliper fluid demand and brake pedal
travel [16,17]. Installing springs [18] or greasing guide pins [19] also reduces drag torque.
However, springs increase caliper fluid demand and brake response time, compromising
safety [20] and greasing guide pins is time-limited.

In the literature, key influencing factors are identified, critical brake components are
analyzed using fluid mechanics and contact mechanics, and effective technical approaches
to address brake drag are provided, with studies having been based on fundamental brake
drag formulas. However, brake drag is closely linked to operating conditions, and the ap-
plication of dynamic working conditions has become widespread in various fields [21-25].
Yuhao Huang et al. [26] took a wind turbine drivetrain as a research object and combined
the K-means clustering algorithm to verify that dynamic working conditions can more
accurately reveal dynamic characteristics. Drawing on this idea, this paper takes the hy-
draulic disc brake of commercial vehicles as the research object, and introduces dynamic
working conditions into the analysis of braking drag mechanism. The specific technical
route is as follows:

(1) Combined with the statistical analysis of user operational fault data, piston sliding
resistance is identified as the core factor leading to insufficient piston retraction, and
the dynamic model of the commercial vehicle brake system is established through the
Simcenter Amesim 2020.1 software;

(2) Based on fluid mechanics and contact mechanics, combined with the return mecha-
nism and force-bearing state of the brake piston, a dynamic model for braking drag
mechanism analysis is established.

(3) From the perspective of fluid-structure interaction in the seal contact area, a dy-
namic coupling model of the drag mechanism is established, and typical braking
conditions are extracted from extensive user operational data through the K-means
clustering algorithm.

(4) The time-history data of piston velocity and sealing pressure output by the dynamic
model of the commercial vehicle brake system are taken as the input of the dynamic
coupling model of the drag mechanism in order to solve the reciprocating friction
force, retraction displacement of the piston and system drag torque under different
working conditions.

(5) Taking the drag threshold specified in industry standards as the evaluation index,
the types of working conditions prone to induce braking drag are determined and
the occurrence mechanism of disc brake drag is revealed, which provides theoretical
support for the optimal design of brake systems.
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2. Dynamic Model of Disc Brake System and Factors Inducing
Braking Drag

A dynamic model of the disc braking system is established to obtain its dynamic re-
sponse, which will be employed as actuation conditions to analyze braking drag. A me-
chanical analysis model of the disc brake is established to theoretically deconstruct the
various forces that generate drag torque and a statistical analysis of user operational data
is performed to identify the core cause of brake drag from among the theoretical factors
that generate drag torque.

2.1. Dynamic Model of Disc Brake System

Simulations were conducted using the existing dynamic model of the disc braking
system from the research group [27]. Figure 1 is a simplified schematic diagram of the
dynamic model of this disc brake system, which is used to simulate the entire brake trans-
mission process from the pedal to the brake [28]. The braking force is transmitted along
the path of the pedal, master cylinder piston, brake lines, brake piston, and finally to the
friction pads to achieve vehicle braking.

Outer friction
pad
T
Rectangular . . Inner friction
- —> Brake caliper | Piston > Component 2
seal ring pad
1 v
Brake master Brake line(hard
—>| > >

Brake pedal cylinder Jsoft) Component 1 Component 3

Figure 1. Dynamic model of disc brake system (Component 1. Module for simulating caliper de-
formation; Component 2. Module for simulating contact force, clearance, and wear; Component 3.
Module for calculating braking torque).

In the model, the main parts of the brake system are employed and simplified. Expla-
nations are provided as follows:

(1) The brake master cylinder is simplified to a single-chamber type, with its main func-
tion being to generate brake fluid pressure.

(2) The brake lines are categorized into hard and soft types. The brake fluid pressure
causes deformation in the soft lines during transmission.

(3) The rectangular sealing ring in the brake wheel cylinder is modeled as a suitable
spring to simulate its return action.

(4) Component 1 is designed to simulate caliper deformation. That is, the brake caliper
is divided into two identical mass blocks connected by a spring; the stiffness of the
brake caliper is simulated using the spring to model the brake caliper’s deformation.

(5) Component 2 is designed to simulate the contact force, clearance, and wear of the
brake. The single-side brake clearance is set to 0.12 mm. When the friction pad’s
displacement exceeds this clearance, the pad makes braking contact with the disc,
and the contact stiffness is simulated using a spring to calculate the contact force. The
wear of the friction pads can be simulated by adjusting the brake clearance.

(6) Component 3 is employed to calculate the braking torque of the brake, which takes
the contact force from Component 2 as an input.

This model takes pedal speed and brake fluid pressure as inputs to obtain the piston’s
motion speed and sealing pressure. The model parameters of the brake system model are
shown in Table 1.
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Table 1. Parameters of the brake system model.

Model Parameter Value Corresponding Component

Brake fluid density 850 kg/m3 Brake fluid (in master cylinder and lines)
Brake fluid elastic modulus 1700 MPa Brake fluid (in master cylinder and lines)
Master cylinder piston diameter 23.81 mm Master cylinder

Master cylinder dead volume 35 cm?® Master cylinder

Brake hard pipe inner diameter 3.3 mm Brake lines (hard)

Brake hard pipe wall thickness 0.71 mm Brake lines (hard)

Brake hose inner diameter 3.2mm Brake lines (soft)

Brake hose elastic modulus 5000 MPa Brake lines (soft)

Caliper piston mass 0.75kg Caliper piston

Caliper piston diameter 66.7 mm Caliper piston

Caliper dead volume 35 cm?® Caliper piston

Sealing ring equivalent stiffness 1.07 x 107 N/m Sealing ring

Brake clearance (single side) 0.12mm Component 2

Elastic contact stiffness 3.4 x 107 N/m Component 2

2.2. Mechanical Analysis of Braking Drag

The mechanical analysis model is employed to analyze the various forces that cause
brake drag and their interrelationships, in order to determine the key factors that produce
drag torque. The structural diagram of the disc brake, including the brake wheel cylinder,
is shown in Figure 2. The brake wheel cylinder consists of components such as cylinder
body, piston, return spring, and sealing ring. Among them, cooperation between the pis-
ton and the sealing ring is crucial for achieving sealing and brake fluid pressure transmis-
sion. The area within the dashed box is the sealed contact area formed by the piston and
the rectangular sealing ring.

The braking process includes an extension stroke and a retraction stroke, and the re-
traction is driven by the restoring force. The restoring force of the brake piston comes from
the elastic deformation of the sealing ring, and its retraction capability is related to static
and dynamic sealing mechanisms [29,30]. If the frictional force on the piston is greater
than the restoring force provided by the sealing ring, the friction pad and the brake disc
will remain in continuous contact, generating residual resistance, which in turn creates
drag torque, causing braking drag [31].

To identify the main influencing factors of brake drag at the macro-mechanical level,
a simplified calculation model based on the classic Coulomb dry friction law is established,
which is only applicable to the qualitative analysis of the formation mechanism of brake
drag torque at the macro-vehicle level of the disc brake. Drag torque can be expressed
as the residual braking torque between the friction pad and the brake disc [10], as shown
in Equation (1):

Tirag = Fu X Re = p - Fs X Re (1)

where F;, denotes the residual friction force, R, denotes the effective braking radius, u de-
notes the friction coefficient, and F; denotes the normal force between the friction pad and
the brake disc. Based on the drag torque calculation formula and the brake’s working pro-
cess, the mechanical analysis model for the disc brake is established according to Figure 2,
as shown in Figure 3.

The stiffnesses of various components are represented using spring stiffness. K;, K,
and K, denote the stiffnesses of the caliper, sealing ring, and friction pad, respectively; f;
denotes the sliding resistance of the friction pad in its groove; and f, denotes the sliding
resistance of the guide pin. During braking, L. denotes the elastic deformation of the
brake caliper; Lyston denotes the elastic deformation of the rectangular sealing ring caused
by piston movement; and L,,; denotes the elastic deformation of the friction pad.
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Figure 2. Structural diagram of disc brake.
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Figure 3. Mechanical analysis model of disc brake.

When the brake is released, the residual normal force between the friction pad and the
brake disc consists of the residual elastic force from component deformation and sliding
resistance, as shown in Equation (2):

Fs:FA+fs+fx

@)
= (KCALpiston - KtALcaliper - ZKPALpud) + fo + fx

where F, denotes the residual elastic force, AL ;sto, denotes the piston retraction, AL g iper
denotes the caliper deformation, AL, denotes the pad deformation.

The key parameters used in the mechanical analysis model for brake drag torque are
shown in Table 2.

Table 2. Key parameters of the mechanical model for brake drag torque.

Model Parameter Value
K; 1.25 x 108 N/mm
K, 1.07 x 107 N/mm
K, 3.4 x 107 N/mm
fs 12N
fx 8N
R, 0.1m
H 0.38

2.3. Factors Inducing Braking Drag

Through statistical analysis of the user operation data from a certain type of com-
mercial vehicle disc brake, the core fault modes of the target vehicle’s brakes and the key
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inducements of brake drag can be clarified, providing statistical support for subsequent
mechanism modeling. The brake fault feedback data used were provided by the manufac-
turer’s after-sales service department, covering the periods from December 2020 to January
2021 and from August 2021 to September 2021 and including the driving fault feedback
data of 446 light commercial vehicles on urban roads.

To ensure the objectivity and reliability of the statistical fault results, this paper in-
troduces reliability engineering theory to carry out distribution fitting verification of the
fault interval mileage of brake drag. The two-parameter Weibull distribution is adopted
to fit the fault interval mileage, and the rationality of the distribution fitting is verified by
Pearson x? tests [32-34]. Through calculation, the Mean Time Between Failures (MTBF)
of brake drag faults in the target vehicle is 19,900 km, which is highly consistent with the
distribution characteristic of faults related to poor piston return, which are concentrated
around 20,000 km in the fault data, fully verifying the effectiveness of the statistical model.

To extract the main influencing factors from the fault information, first, to complete
preliminary classification, fault samples unrelated to the disc brake are eliminated accord-
ing to the fault information records of maintenance stations. Subsequently, the preliminary
screening results are standardized and calibrated with reference to the standard definition
of brake system faults in QC/T 592-2013 “Performance Requirements and Bench Test Meth-
ods for Hydraulic Brake Caliper Assembly” [35]. Finally, disc brake faults are classified
into five core modes: brake deviation, insufficient braking force, poor braking efficiency,
brake noise, and brake drag. Statistical analysis completed based on the above determi-
nation criteria shows that brake drag is the primary fault mode of the target vehicle, ac-
counting for 57.7%, as shown in Figure 4a; floating guide pin failure and poor brake piston
return are the two core inducements, accounting for 20.2% and 73.8% of the total brake
drag faults respectively, as shown in Figure 4b.

60 57.7

50 -
240
1)
%30
] 23.6
e
@ 20
o

10 8.2 101

0.5
0
Brake Insufficient Poor Braking Abnormal
Deviation Braking Force Brake Drag Performance Brake Noise
(@)

®
o
I

73.8

Percentage (%)
B (2]
o o

|

N
o
|

20.2

3.2 2.8
0
Floating Guide Piston Retraction Brake Disc Other
Pin Fault Capability Fault

(b)

Figure 4. Statistical results of fault modes and factors inducing braking drag. (a) Statistical results of
the proportion of brake fault modes. (b) Statistical results of factors inducing braking drag.

From the mathematical model of drag torque established in Section 2.2, it can be deter-
mined that the key variables affecting the residual normal force between the friction pad
and the brake disc include: piston return stroke, caliper deformation, friction pad deforma-
tion, friction pad sliding resistance, and guide pin sliding resistance. Combined with the
fault statistical results in this section, it is further clarified through the factor classification
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method that insufficient piston return capacity is the primary main controlling factor in the
brake drag of the target vehicle, while piston sliding resistance is the core secondary factor
leading to poor piston return. To further accurately analyze the generation mechanism
of piston sliding resistance, compensate for the limitations of the macroscopic simplified
Coulomb friction model in Section 2.2, and quantify the variation laws of piston sliding
resistance and return characteristics under dynamic braking conditions, this paper estab-
lishes a dynamic model for the sealed contact area in the brake wheel cylinder to carry out
research on the brake drag mechanism under dynamic braking conditions.

3. Dynamic Model for Analyzing the Braking Drag Mechanism

Insufficient piston retraction is directly caused by insufficient piston sliding resistance.
In an actual piston sealing system, the sealed contact area is in a state of mixed lubrica-
tion, where various forms of wear exist, influenced by the surface roughness of the sealing
ring, relative motion speed, oil film thickness, and brake fluid pressure, leading to con-
stantly changing friction. Therefore, focusing on the sealed contact area shown in Figure 5,
an accurate dynamic model of brake drag is established from the perspective of fluid—
structure interaction to precisely calculate the piston’s motional friction and analyze its
retraction capability.

Sealing ring

Asperities
=
Piston
B —— e
Retraction stroke Extension stroke

Figure 5. Sealed contact area of the rectangular sealing ring.

The piston sealing system’s characteristics are primarily determined by the piston,
sealing ring, brake fluid, and braking condition parameters. The working condition pa-
rameters are extracted from typical braking conditions obtained through a specific cluster-
ing method for users’ dynamic braking conditions dataset. The material parameters of the
sealing system are shown in Table 3.

The elastic modulus of the sealing ring in Table 3 is expressed as a continuous func-
tion E(T) varying with the temperature T, with the expression: E(T) = —0.01364-T + 7.1717,
applicable to the temperature range of 23 °C < T < 135 °C. This fitting formula is cali-
brated based on three sets of measured elastic moduli at 23 °C, 30 °C and 135 °C. These
temperatures are selected according to the physical properties of the brake fluid and actual
braking conditions [36,37]: 23 °C represents the ambient temperature when the vehicle is
in a non-braking state; 30 °C corresponds to low-intensity braking; and 135 °C corresponds
to high-intensity braking.

To ensure all necessary elements for the analysis are included, the following assump-
tions are proposed:
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(1) The brake fluid in the sealing area is in a laminar flow state, with no relative motion
at the surfaces of the sealing ring and the piston.

(2) The thickness of the brake fluid film is on the micrometer scale.

(3) Fluid inertial effects, viscous effects on the inner surface of the sealing ring, and dy-
namic effects between asperities are ignored.

(4) The density function of the contact surface roughness follows a normal distribution.

(5) The brake disc is assumed to be in an ideal wear-free state, and the macro effect of
brake disc/pad wear on braking drag is simulated by adjusting the brake clearance.
This simplified treatment assumes uniform wear, ignoring the dynamic evolution of
brake disc surface topography, the influence of wear particles, and the degradation
of brake fluid lubrication performance caused by wear.

Table 3. Parameters of the wheel cylinder piston sealing system.

Model Parameter Value Corresponding Component
Piston/cylinder elastic modulus 2.07 x 10° MPa Piston and cylinder
Piston/cylinder Poisson’s ratio 0.3 Piston and cylinder
Piston/Cylinder thermal expansion coefficient 12 x 1076 K! Piston and cylinder
Sealing ring thermal expansion coefficient 2x 1074 K1 Sealing ring
Piston rod diameter 47 mm Piston
Piston outer diameter 50 mm Piston
Cylinder inner diameter 60 mm Cylinder
Cylinder outer diameter 63 mm Cylinder
Sealing ring elastic modulus E(T) MPa Sealing ring
Sealing ring Poisson’s ratio 0.49 Sealing ring
Sealing ring width 3.5mm Sealing ring
Sealing ring cross-section thickness 0.2 mm Sealing ring
Sealing ring surface roughness 1.67 pm Sealing ring
Piston rod surface roughness 0.23 um Piston
Dry friction coefficient 0.06 Piston/sealing ring interface
Brake fluid density 850 kg/m3 Brake fluid
Brake fluid elastic modulus 1700 MPa Brake fluid

3.1. Coupling Relationship of the Dynamic Model

Gaussian distribution is used to model the roughness profile of the brake piston and
sealing ring surfaces. When the brake piston reciprocates within the sealing ring, the inter-
action between their rough surfaces causes friction and wear [38]. The gap in the contact
area is filled with brake fluid, forming a fluid film that provides lubrication. The two as-
pects are dynamically coupled and jointly affect the contact state of the rectangular sealing
ring, as illustrated in Figure 5. Based on the film thickness ratio, the piston sealing system
can be considered to be in a state of mixed lubrication, with both boundary lubrication
and fluid lubrication coexisting [39]. Changes in the oil film thickness and contact surface
roughness affect the sealing ring and piston surfaces, causing micro-elastic deformation in
the radial direction. This alters the contact width of the sealing ring, ultimately influencing
the friction force in the contact area.

A dynamic model of brake drag is established to analyze its force characteristics, fo-
cusing on the sealed contact area between the piston and the sealing ring [40]. This model
primarily includes: an elastohydrodynamic lubrication model considering contact surface
roughness; a rough surface contact pressure model; a micro-elastic deformation model of
the sealing contact surface; an oil film thickness model of the sealing contact surface; and a
friction force calculation model for the sealing contact surface. The coupling relationship
between these models is shown in Figure 6.
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Figure 6. Coupling relationship of the dynamic model of the brake drag mechanism.

3.2. Elastohydrodynamic Lubrication Model Considering Surface Roughness Topography

In the sealed contact area, a two-dimensional Reynolds equation is constructed to
describe the dynamic changes in the brake fluid. The Reynolds equation is used to solve
for the oil film pressure, providing a basis for calculating the fluid viscous shear stress and
the oil film thickness.

A coordinate system for the sealing system structure is established, with the origin
at the intersection of the piston and the extension line of the sealing ring’s air side. The
circumferential, axial, and radial coordinates are represented by x, y, and z, respectively, as
shown in Figure 7. Then, the Reynolds equation is transformed and non-dimensionalized
as follows:

p h y x t
P = LH=—Y==—X=-,T=V— 3
Peyt ho W L W ®)
92P 2P
ALX)® T a(WY)?
3 PeyioP\ op
(HaT + A% )aLX
3 0H Peyi9P  6Vy oP
[H wy T ATy — 12 (a+ A>] INY 4)
hZHZW( +A)

GV dH | hoVoH
= el h3 0 WY T “WaT

A=ca/{(1+cp)[1+(catcy)pl} —a ®)

where p,; is the brake fluid pressure, p is the local static pressure of the sealed fluid,  is the
nominal oil film thickness, h is the average oil film thickness, W is the contact width of the
sealing ring, L is the inner diameter circumference of the sealing ring, V is the relative veloc-
ity, 7 is the brake fluid viscosity, ¢, and ¢ are fluid constants, and « is the pressure—viscosity
coefficient. The relative velocity is positive when the brake piston is on its retraction stroke
and negative on its extension stroke.

The brake fluid film thickness is affected by the surface roughness. When sliding
occurs, the asperities on the rough surfaces undergo contact deformation. The distribution
of brake fluid film thickness on the rough surfaces in the sealed contact area is shown
in Figure 8.
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Figure 7. Three-dimensional coordinate system of the sealing structure of the rectangular sealing
ring.
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Figure 8. Oil film thickness distribution on rough contact surfaces.

In the figure, the distance from the asperity on the sealing ring surface to its baseline
is 61, the distance from the asperity on the piston surface to its baseline is J;, the distance
between the two baselines is the nominal film thickness }, the distance between the two
surfaces is the actual oil film thickness /i1, and the velocity of the piston surface is U;, which
has a value of V. Thus, the actual oil film thickness for the rough surface is

hr=h+6+6 6)

3.3. Rough Surface Contact Pressure Model

The sealed contact area is in a mixed lubrication state. According to mixed lubrication
theory [41], when the film thickness ratio is less than 3, the asperities of the two rough
surfaces come into contact, generating contact pressure. The G-W contact model is used
to calculate the contact pressure, where the piston is treated as an ideal surface. It should
be noted that the G-W model is based on the assumption of an isotropic rough surface,
which has certain limitations for an anisotropic surface of a directionally machined piston
and will introduce a small systematic error into the absolute value calculation of contact
pressure. However, this error has a negligible impact on the relative variation law of the
interface friction characteristics under different working conditions, which is the core focus
of this study. The asperity contact pressure is calculated using this contact model, from
which the asperity contact shear stress is derived, providing a basis for calculating the
micro-deformation of the sealing ring surface in the next step [42].

The contact between the rough surface of the sealing ring and the piston surface is
schematically shown in Figure 9. The dashed line represents the theoretical sealing ring
surface, the solid line represents the piston surface, and the jagged line represents the ac-
tual sealing ring surface. 9, is the distance from an asperity to the sealing ring’s baseline
and Jy is the asperity deformation.
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Figure 9. Contact condition between rough surface of sealing ring and piston surface.

According to Hertzian theory [43], the expressions for the area A; and contact force F;
of a single deformed asperity are

A; = RSy @)
F = %HR“2 53/ ()

1 1—pk  1—ud
== Hr + Hs (9)
E Er Es

Subsequently, the asperity contact pressure p. of the sealing ring and the asperity
contact shear stress 7. are obtained:
/ R1 / 2

pe = e 7127 (29 — h)*? dzg (10)

I

—ﬂm(&) a1)

where R is the radius of curvature of a single asperity, ) is the asperity deformation, E’ is
the composite elastic modulus, Eg and Eg are the elastic moduli of the piston and sealing
ring, yg and pg are the Poisson’s ratios of the piston and sealing ring, ¢ is the composite

surface roughness, 0 = /0% + 03, 0y is the surface roughness of the sealing ring, 0, is
the surface roughness of the piston, and f; is the dry friction coefficient. The negative sign
indicates that the direction of the shear stress is opposite to the direction of motion.

3.4. Micro-Elastic Deformation Model of the Sealing Contact Surface

Within the sealed contact area, both the sealing ring and piston surfaces are affected by
disturbance pressures from the contact interface, which are caused by oil film pressure and
sealing ring roughness. This leads to micro-deformations in the radial directions on both
surfaces. In terms of material properties, the sealing ring is the main component undergo-
ing micro-deformation. However, to more accurately solve for the contact surface micro-
deformation, calculation of the piston surface micro-deformation cannot be neglected. To
calculate the micro-deformations of the hard piston surface and the flexible sealing ring
surface based on the properties of the two types of materials, it is necessary to model their
deformation mechanisms separately. This provides the initial values for the subsequent
oil film thickness calculation.

A rectangular grid is used to discretize the entire sealed contact area, with each node
having a unique identifier (i, j). The normal pressure p;; at node (i, j) in the sealing area
produces an elastic micro-deformation at (k, [):

i (12)

%nz
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In Equation (12), G; ]( p) 18 the elastic influence coefficient matrix, representing the de-
formation at node (k, I) caused by a unit pressure at node (i, j). Its expression is given
in Equation (13):

dx’dy

Gj; (13)

kl _ /
7'[E
K \/ + -y’

In Equation (13), x/, i’ are the coordinates of the point of force application, and x, y
are the coordinates of the point of deformation.

To avoid the issue of the function in Equation (13) being discontinuous at point
(%, v), the sealed contact surface is transformed into a rectangular discrete area, as shown
in Equation (14):

(+a)+1/ (F+a)>+(xT+b)?

X+Db)In +
F+5) | G-a)+y/ G-0)*+ (T +b)?
_ -(Y+b)+ (y+a)2+(f+b)2-
+a)ln +
ci 1-— y%. W+a) _(ffh)+\/(y+a)2+(ffb)2_ 14)
V) mER (£ — by ln| TV IO G0? ]
_(y+a)+\/(y+a)2+(z—b)2_
(—a)n (¥=b)+/ (F—a)’+(x-b)’
I (?+h)+\/(y—a)2+(x+h 2

In Equation (14), a and b are half the width and length of the rectangular element in
the calculation domain, respectively, with X = x; — xy and y = y; — ;.

The expressions for elastic micro-deformation influenced by shear stress are shown
in Equations (15) and (16):

n m

szx = Z . GZ'Z(TZX)TZX(ij) (15)
r]

wTZ/ 2 Z Tz1 Zj(l] (16)

Using the principle of superposition for small deformations, the micro-deformations
are added to obtain the total micro-elastic deformation of the rough piston surface, as ex-
pressed in Equation (17):

Wrod = ), (Wp + We, + W) (17)
(€.p)

Since the elastic half-space assumption is not applicable to the soft rectangular sealing
ring, the main body of the seal is divided into rectangular blocks of size dx x dy x by
perpendicular to the y-axis. A schematic of the forces is shown in Figure 10. b is the
thickness of the seal, P is the pressure at the contact between the seal and the piston, Q is
the pressure at the contact between the seal and the brake caliper cavity, and F, and F, are
the shear forces.

Q = pscdxdy, P = pdxdy 18)
Fy = Ggeq) - Uz /0%, By = Ggeq1 - OUz/ 0y
In Equation (18), G,y is the shear modulus of the sealing ring, u, is the micro-

deformation of the rectangular block surface, and p;, is static contact pressure.

E
Psc = s;ul [(1 + .Mseal)“sealAe
seal (19)

Hseal
—Hseal€y — ] + 1— sﬁa al pcyl
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In Equation (19), E; is the elastic modulus of the sealing ring, ., is the Poisson’s ra-
tio of the sealing ring, a,; is the thermal expansion coefficient of the sealing ring, Af is the
temperature difference between the operating and initial temperatures, ¢, is the circumfer-
ential strain of the sealing ring, ¢; is the vertical strain, and py is the brake fluid pressure.

The equilibrium equation for forces normal to the z-axis is as follows:

az”seal az”seal
9x2 + oy?

- (20)

o Gseal ) (b+ﬁrod —Useal ~Srod 7h)

In Equation (20), t4eq) is the micro-deformation of the sealing ring surface, 5,4 is the
asperity height on the piston surface, and .4 is the radial elastic deformation of the piston
surface caused by brake pressure and temperature, as expressed in Equation (21):

u qd = 1 _pcyl‘Dmd Dgoder%od _ ;l/l J
o 2 4Erod Dgodidzod o

+ DEOd D‘rod(e - 60)

(21)

where D,,; is the outer diameter of the piston, d,q is the inner diameter of the piston, a,,, is
the thermal expansion coefficient of the piston, 6 is the operating temperature, and 6y is the
initial temperature. By introducing the dimensionless variable U = u,;/hy and discretizing
Equation (20), the micro-deformation of the sealing ring surface is obtained.

o
v
OF
I F < d-
A T 2 X
Al T
1
]
Fy+ @ dy ! ' Fe
oy 1
1
F,
z
X
P 4—J
y

Figure 10. Force condition of micro-unit of sealing ring in contact area.

3.5. Oil Film Thickness Model Considering Wear Depth

The oil film thickness and the wear on the sealing ring surface mutually influence each
other and tend toward a dynamic equilibrium due to the dynamic coupling of lubrication
and wear in the sealed contact area. The calculation of the friction force can proceed after
the friction and wear reach a dynamic equilibrium, and the oil film thickness meets the
convergence criteria.

A schematic of the forces on the rough surface is shown in Figure 11. The oil film
thickness h; is the sum of the initial oil film thickness ; and the asperity deformation
after applying force. The oil film pressure py and asperity contact pressure p. within the
sealed contact area are in dynamic equilibrium with the static contact pressure ps.
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Figure 11. Force condition of sealed contact surface.

The expression for oil film thickness is

ht = hs + hdef (22)
hy = —1.0641
s + (23)
\/3.6305 — 5.0684 loglo(I)
- Psc
I= 7@ Fs 0% (24)
3142

A new surface roughness profile is obtained by subtracting the wear depth calculated
in each iteration from the original surface roughness profile. The specific process is shown
in Figure 12:

Profile iterative

update
Initial surface Cl{.ﬂc ulation of Surface Final surface
——{lubricated contact — L
profile wear profile profile
pressure

Figure 12. Calculation flow chart of dynamic wear on rough surface in contact area.

According to Archard’s wear model [44], the wear depth per iteration is calculated by

hi:kw

Pc
HmVN (25)

In Equation (25), ky is the dynamic wear coefficient, and H,, is the surface hardness
of the sealing ring.

The dynamic wear coefficient is related to the film thickness ratio A, and can be de-
scribed as a function of the dry friction wear coefficient ky, as shown in Equation (26):

ko, A < %
kw =14 2ko(4—17), 3 <A<4 (26)
0,A>4

The expression for the wear depth after each time interval is

hi.new = hi,old + hi (27)
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The oil film thickness including the wear correction amount is

ht = ht + Useal T Wrod — wfgd (28)

Po
ro

sealing contact surface.

W04 18 the deformation of the piston surface under the installation pressure of the

3.6. Friction Force Calculation Model of the Sealing Contact Surface

When calculating the friction force in the reciprocating sealing contact area of the
piston, the following boundary conditions are met:

Py=09)=0 44y 29
{P(y—wc/47)—}%yl Dsg=am *)

(30)

The pressure on the fluid side (left) of the sealed contact area is the brake fluid pressure
Pyl and the pressure on the air side (right) is set to 0.
The viscous shear stress of the fluid is (h > 0)

(rod) _ pop
Tx = T2
(red) _ _pdp _Vy
Ty "= 72% " h 31
(seal) __ pop (31)
Tzx = 79x
(seal) hop Vi
zy — 29 h
The contact shear stress of the surface asperities is (4 = 0)
(=t o )
d 1
TZ(;O )= TZ(;ea) = —sgn(V) fepe

When calculating the friction force, the actual contact width of the sealing ring W,
must also be considered.
We = (14¢y)W —2yc (33)

where 7 is the brake fluid viscosity, V is the relative velocity, ¢, is the axial strain of the
sealing ring, and y, is the root of Equation (34).

A e (34)

[Ez - lxseal(e - 90)]% =0

where r is the chamfer radius of the sealing ring and ¢, is the vertical strain of the
sealing ring.
The friction force in the contact area is

27t We

Drod seal
= / 5 dydg (35)
00
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4. Solving Process and Validation of Dynamic Models

4.1. Solving Process and Flowchart

To solve the dynamic model of the brake drag mechanism, the sealed contact area

between the piston and the sealing ring is first discretized into a 40 x 20 two-dimensional

grid. Then, the finite difference method is used to solve the numerical values at each grid

node, and finally, a cumulative summation is performed. The key solving process are

introduced as Figure 13:

‘ Model input & Initialization ‘

!

‘ Initial parameter calculation ‘

le
L
¥ ¥

Oil film disturbance
pressure calculation

!

Shear stress & Contact

surface micro- -«

deformation calculation

Asperity contact
pressure calculation

]

Dynamic wear profile
calculation

Y >

Update oil
film thickness

T
)
I
Yes

¥

| Oil film thickness converged |

!

( Calculate frictional force J

Figure 13. Calculation flowchart of the dynamic model of the brake drag mechanism.

1)

()

(4)

()

First, the interpolated data for piston velocity and sealing pressure, obtained from
the dynamic model of the braking system, is used as input for the dynamic model of
the brake drag mechanism. The surface of the sealed contact area is modeled using a
Gaussian distribution.

Second, the static contact pressure of the contact surface is calculated according to
Equation (19), and the initial oil film thickness is calculated according to Equation (22).
The results are then substituted into the Reynolds equation to obtain the oil film dis-
turbance pressure.

Concurrently, the G-W contact model is used in conjunction with the nominal oil film
thickness to calculate the asperity contact pressure.

Then, the viscous shear stress of the fluid and the contact shear stress of the asperities
are calculated according to Equations (31) and (32). These shear stresses are substi-
tuted into the micro-elastic deformation equations to calculate the micro-deformation
of the contact surface.

Simultaneously, the asperity contact pressure is input into the wear model to calculate
the dynamic wear profile.

Finally, the wear depth and the elastic micro-deformation values of the piston and
sealing ring are substituted into Equation (28) to calculate the final actual oil film
thickness based on the initial oil film thickness.

If the result converges, the friction force in the contact area is calculated; otherwise,

the loop is repeated until the oil film thickness converges.

https://doi.org/10.3390/vehicles8030051


https://doi.org/10.3390/vehicles8030051

Vehicles 2026, 8, 51

17 of 29

The successive over-relaxation (SOR) method [45] is used to correct the film thickness
(i.e., the inner loop) to ensure the convergence of the brake fluid film thickness. Its formula
is shown in Equation (36).

WD = (1 g 4 gyald (36)

In Equation (36), h(Tk) is the film thickness value of the current iteration, h(kal) is the
value from the previous iteration, and h(TkH) is the value for the next time step obtained
after relaxation combining the current and previous iteration values. The relaxation factor

is Bj, = 1.59 and the convergence criterion is e, =1 x 10~%.

4.2. Model Validation

The contact pressure in the sealing area is solved using the same working condition
parameters as in the numerical model of Professor George K. Nikas [46] to verify the cor-
rectness of the dynamic model of the brake drag mechanism and the numerical calculation
method. A comparison between the calculated results and the results from the literature is
shown in Figure 14. It can be seen that the average error for the contact pressure at various
points in the sealing area is 0.118%, which verifies the correctness of the established model.

30
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Figure 14. Comparison of contact pressure in the sealed contact area.

5. Confirmation and Characteristics Analysis of Dragging Brake Conditions

Typical braking conditions, which are extracted from the users’ dynamic braking con-
ditions dataset, are used to clarify the correlation between brake drag and braking condi-
tions. The braking conditions associated with brake drag were identified with the dynamic
model of the brake drag mechanism, and the characteristics of these drag-prone conditions
were analyzed. The specific analysis flow is shown in Figure 15:

Mast linder pist
| Aster 6y ncer piston H Typical braking conditions |

velocity
. Piston movement distance and
Amesim Model
‘ drag torque
Piston movement speed and Identify conditions prone to
sealing pressure brake drag
. Frictional force on sealin;
Dynamic model ofbrake drag g
’ . 1 contact surface between sealing
mechanism . .
ring and piston

Figure 15. Calculation flow chart for brake drag working conditions.
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As shown in the figure, first, the typical braking conditions are converted into the
master cylinder piston’s velocity through pedal ratio conversion. This is input into the
Amesim model to calculate piston displacement, drag torque, piston velocity, and brake
fluid sealing pressure. Then, the piston velocity and sealing pressure are inputted into the
dynamic model of the brake drag mechanism to simulate the friction force between the
sealing ring and the piston’s sealed contact surface, which is the piston’s sliding resistance.
Finally, the conditions prone to drag are identified by combining the piston displacement,
drag torque, and piston sliding resistance.

5.1. Typical Braking Conditions

Typical braking conditions are derived from the real-vehicle user operation data from
the target vehicle. The raw data are collected via the on-board CAN bus at a sampling
frequency of 5 Hz, covering core parameters including vehicle speed, acceleration, brake
pedal stroke, and brake master cylinder pressure, with a total effective driving duration
of 571.34 h. First, the raw data undergo resampling, T4253H filtering for noise reduction,
and outlier elimination. Then, driving segments are divided into braking segments, non-
braking segments, and idling segments based on vehicle speed and acceleration, and the
specific criteria are shown in Table 4.

Table 4. Driving state division criteria.

Driving State Speed/(km-h—1) Acceleration/(m-s—2)
Braking Segment v>5 a<-015

Driving Segment v>5 a>0.15

Idling Segment v<5h —0.15<a<0.15

Next, 40,100 effective braking segments are extracted from the preprocessed data via a
MATLAB R2020b-coded program, with a total braking duration of 148.98 h, accounting for
26.07% of the total driving duration. Then, 15 feature parameters including speed category,
variable speed category, and pedal category are constructed to form a 40,100 x 15 matrix.
Principal component analysis (PCA) is then used to reduce it to 3 dimensions. With a cu-
mulative contribution rate of principal component eigenvalues of 85% as the critical value,
the final 3 principal components retain 85.5% of the original data information and can re-
place the original data for subsequent analysis. Finally, the K-means clustering algorithm,
a mature and widely used unsupervised learning algorithm in vehicle working conditions
construction, is adopted to classify the dimensionality-reduced effective segments. After
calculation using the Calinski-Harabasz (CH) index, the optimal number of clusters is de-
termined to be 3 [47,48]. Therefore, the segments are divided into 3 types of typical braking
conditions. The main characteristic parameters include braking speed, braking decelera-
tion, brake pedal travel, and brake pedal application rate, as shown in Figure 16.

The characteristic parameters of the three typical braking conditions are shown
in Table 5.

Table 5. Characteristic parameters of the three typical braking conditions.

Condition 1 2 3
Initial Speed/km/h 29.20 55.15 63.46
Final Speed/km/h 18.87 0 51.89
Speed Range/km/h 10.33 55.15 11.57

Max Deceleration/m/s 0.60 1.30 0.47
Max Pedal Travel/mm 14.52 36.39 16.71
Avg. Pedal Rate/mm/s 2.90 6.04 4.47

Braking Time/s 9.48 22 12.74
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Figure 16. Typical segments of working conditions.

From the table above, Condition 1 is characterized by a low initial braking speed,
short braking time, slow braking deceleration, and small speed range. This indicates that
the vehicle is moving slowly, and the driver’s operating style is light with slow applica-
tion/release of the brake. Condition 1 is defined as a low-speed, light-braking condition.
Condition 2 has a relatively high initial braking speed, long braking time, long braking
distance, high braking deceleration, and large speed range. This suggests the vehicle is
traveling at a faster speed, and the driver exhibits continuous pedal application/release
behavior. Condition 2 is defined as a medium-to-low speed, prolonged-braking condition.
Condition 3 features a high initial braking speed, relatively long braking time, long braking
distance, slow braking deceleration, and a large speed range. This indicates the vehicle is
moving fast, and the driver’s operating style is slow application and fast release. Condition
3 is defined as a medium-to-high speed, short-braking condition.

As shown in Table 5, the three typical braking conditions obtained by K-means clus-
tering have significant differences in braking intensity, driver operation characteristics and
braking duration. The specific characteristics of each condition are as follows:

(1) Condition 1: The initial braking speed is 29.20 km/h, the speed range is only
10.33 km/h, the maximum deceleration is 0.60 m/s?, the average pedal rate is
2.90 mm/s, and the braking duration is 9.48 s. It is characterized by low initial speed,
small speed variation, low braking intensity, and slow and gentle brake pedal oper-
ation, which corresponds to the frequent light braking scenario of a vehicle in urban
low-speed driving. This condition is defined as a low-speed, light-braking condition.
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(2) Condition 2: The initial braking speed is 55.15 km/h, the vehicle decelerates to 0 af-
ter braking, with a speed range of 55.15 km/h, the maximum deceleration reaches
1.30 m/s? (the highest among the three conditions), the maximum pedal travel is
36.39 mm, the average pedal rate is 6.04 mm/s, and the braking duration is up to 22 s.
It is characterized by medium initial speed, full deceleration to stop, high braking in-
tensity, continuous pedal operation, and long braking duration, which corresponds
to the continuous braking scenario of a vehicle in suburban medium-speed driving.
The long-duration high-load braking process will significantly affect the friction char-
acteristics of the piston-seal interface, which is the key focus of this brake drag study.
This condition is defined as a medium-to-low speed, prolonged-braking condition.

(3) Condition 3: The initial braking speed is 63.46 km/h (the highest among the three con-
ditions), the speed range is only 11.57 km/h, the maximum deceleration is 0.47 m/s?
(the lowest among the three conditions), the average pedal rate is 4.47 mm/s, and the
braking duration is 12.74 s. It is characterized by high initial speed, small speed vari-
ation, ultra-low braking intensity, and slow brake application and fast release opera-
tion, which corresponds to the slight speed adjustment braking scenario of a vehicle
in high-speed driving. This condition is defined as a medium-to-high speed, short-
braking condition.

5.2. Confirmation of Typical Braking Conditions-Induced Braking Drag

The master cylinder piston velocity is obtained by converting the brake pedal appli-
cation rate from the typical braking conditions using the pedal ratio. This is used as the
input signal for the master cylinder, which in turn yields the caliper piston velocity and
the fluid sealing pressure within the caliper cavity, as shown in Figure 17.

From Figure 17, it can be observed that in the low-speed, light-braking condition (Con-
dition 1), the piston is in its extension stroke from 0 to 6.72 s and in its retraction stroke from
6.74 s to 10 s, completing one reciprocating cycle. During this time, the sealing pressure is
negative from 0 to 1.08 s and 8.48 s to 10 s, in a pressurized state from 1.1 s to 6.72 s (ex-
tension stroke), and in a depressurized state from 6.74 s to 8.46 s (retraction stroke). In the
medium-to-low speed, prolonged-braking condition (Condition 2), the piston undergoes
two reciprocating cycles. In the medium-to-high speed, short-braking condition (Condi-
tion 3), the piston completes one reciprocating cycle. In summary, Conditions 1 and 3
each involve one reciprocating cycle, while Condition 2 involves two.

The time-history data for piston velocity and brake fluid sealing pressure are used as
inputs for the brake drag mechanism model. The resulting time-history data curves of the
friction force in the piston-sealing contact area for typical braking conditions are calculated
and shown in Figure 18.

From Figure 18a,b, it can be seen that there is a phase of alternating positive and neg-
ative friction at the beginning of the extension stroke. This occurs because once the hy-
draulic thrust exceeds the maximum static friction, the piston begins to move, causing the
sealing ring to deform tangentially under shear force. As the hydraulic pressure continues
to rise during the piston’s extension stroke, the thrust will again surpass the maximum
static friction, causing the sealing ring to start sliding relative to the piston. This results in
a stage where there is frequent switching between static and kinetic friction. Throughout
the entire reciprocating cycle of the brake piston, the maximum static friction value at the
beginning of the extension stroke serves as the restoring force provided by the sealing ring
for the piston during the retraction stroke. The maximum friction during the retraction
stroke is the sliding resistance. Comparing the magnitudes of the restoring force and the
piston sliding resistance in the figures: for Condition 1, the restoring force is 63.08 N, which
isidentical to the sliding resistance. For Condition 2, the restoring force is 63.0623 N, while
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the sliding resistance is 66.9276 N. For Condition 3, the restoring force is 58.2432 N, and the
sliding resistance is 58.2418 N. Under the medium-to-low speed, prolonged-braking condi-
tion (Condition 2), the restoring force is less than the piston sliding resistance, preventing
the piston from returning to its original position.
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Figure 17. Time-history data of piston velocity and sealing pressure under typical brake working con-
ditions. (a) Condition 1: Low-speed, light-braking condition; (b) Condition 2: Medium-to-low speed,
prolonged-braking condition; (c) Condition 3: Medium-to-high speed, short-braking condition.
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Figure 18. Time-history data of frictional force in piston sealing contact area under typical

brake working conditions. (a) Condition 1: Low-speed, light-braking condition; (b) Condition
2: Medium-to-low speed, prolonged-braking condition; (¢) Condition 3: Medium-to-high speed,
short-braking condition.

To further identify the conditions prone to braking drag, the established Amesim
brake system model is used to solve for the piston displacement time-history data under
different conditions, from which the brake clearance time-history data is obtained. The
results are shown in Figure 19.
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Figure 19. Time-history data of brake clearance under typical working conditions.

From the figure, it can be seen that the brake clearance fluctuates more in Condition 2
than in the other two conditions. At the end of the braking period for Condition 2, the brake
clearance value is the smallest and is negative, indicating a compression of the friction pad,
which means there is contact between the friction pad and the brake disc.

Using the brake system dynamics model and the drag torque calculation formula, the
brake system drag indices for the three typical braking conditions were obtained, as shown
in Table 6.

Table 6. Indices of brake system drag under typical brake working conditions.

Condition 1 2 3
Drag Torque/Nm 2.2821 111.87 2.3836
Residual Pressure/MPa 0.0459 0.1479 0.0479
Brake Clearance (double-sided)/mm 0.1185 —0.0414 —0.0028
Piston Relative Displacement/mm 0.0014 0.1554 0.1143

As can be seen from Table 6, a negative value of the double-sided brake clearance rep-
resents the elastic compression deformation caused by the residual contact force between
the friction pad and the brake disc due to the incomplete retraction of the piston after brake
release. A positive value indicates that the piston can retract normally. From the table, it is
observed that the residual brake pressure and piston relative displacement are positively
correlated with the drag torque, while the brake clearance is inversely correlated with the
drag torque. According to the standard QC/T 592-2013 “Performance Requirements and
Bench Test Methods for Hydraulic Brake Caliper Assembly”, brake drag is determined
when the piston displacement exceeds the single-side brake clearance threshold (taken as
0.12 mm in this paper) or the drag torque reaches or exceeds the 5 Nm threshold. The
steady-state drag torques of Condition 1 (2.2821 Nm) and Condition 3 (2.3836 Nm) are
both lower than the 5 Nm drag determination threshold specified by the industry standard,
whereas the steady-state drag torque of Condition 2 (111.87 Nm) far exceeds this threshold.

To verify the stability and reliability of the model, the three core engineering param-
eters that have the most significant impact on brake drag characteristics and exhibit the
largest fluctuation range in engineering practice were selected: the elastic modulus of the
rectangular sealing ring, the dry friction coefficient of the piston-sealing ring interface, and
the dynamic viscosity of the brake fluid. Centered on the calibrated parameter benchmark
values in the paper, a fluctuation range of £20% is set in order to analyze the influence of
parameter variations on the drag torque of the three typical operating conditions.

The analysis results show that even when the above parameters vary within the com-
mon engineering range of £20%: ® the drag torque of Condition 2 consistently remains
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within the range of 83.90~139.84 Nm, far exceeding 5 Nm; and @ the drag torques of Con-
dition 1 and Condition 3 consistently remain within the range of 1.71~2.86 Nm, still below
5 Nm and significantly lower than the lower limit of Condition 2. These findings are con-
sistent with the steady-state drag torque results (2-2.5 Nm) of the same type of disc brake
reported in the literature [49], verifying the rationality of the model’s core output results.

In summary, the medium-to-low speed, prolonged-braking condition (Condition 2)
can be identified as the typical condition prone to brake drag. Under this condition, severe
brake drag will significantly increase driving resistance and energy consumption, while
raising the thermal load and wear rate of the braking system, thereby reducing braking
efficiency and long-term reliability.

5.3. Analysis of Braking Drag Condition Characteristics

Based on the conditions prone to brake drag, the influencing factors of brake drag
are analyzed to clarify the distribution patterns between piston velocity, sealing pressure,
friction force, and oil film thickness during piston operation.

The friction force on the sealed contact surface originates from two parts: the viscous
shear stress of the brake fluid and the contact shear stress of the asperities. Analyzing stable
moments of the piston’s extension and retraction strokes, it is evident from Figure 20 that
in Condition 2 the asperity contact pressure is greater than the oil film pressure during
both strokes. This indicates that the shear stress caused by asperities plays a dominant
role in the piston’s reciprocating friction force. The film thickness ratio for both strokes
is less than 3, meaning the sealed contact surface is in a mixed lubrication state. Due to
the elastic deformation of the sealing ring, the static contact pressure on the fluid side is
greater than on the air side.
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Figure 20. Contact condition of sealed contact area.

The variation trend in the piston’s reciprocating friction force with sealing pressure
and piston movement speed is shown in Figure 21. In the figure, the gray line illustrates
the relationship between piston movement speed and friction force, while the red line rep-
resents the relationship between sealing pressure and friction force. The blue line and the
green shaded area correspond to the projections of these two variables onto the friction
force axis, respectively. It can be seen that the friction force during the extension and re-
traction strokes is positively correlated with the sealing pressure and negatively correlated
with the piston’s speed.

Furthermore, an analysis of the oil film pressure and asperity contact pressure under
different sealing pressures and piston speeds is conducted for Condition 2. The extension
and retraction strokes were discussed separately. For the extension stroke, four time points
were selected as the sealing pressure began to rise: 17.1's, 17.3 s, 17.5 s, and 17.7 s. For
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the retraction stroke, four time points were selected as the sealing pressure began to fall:
18.985s,19.1s,19.3 s, and 19.5s. The analysis results are shown in Figure 22. From Figure 22,
it is evident that the oil film pressure and asperity contact pressure in the sealed contact
area exhibit similar distribution patterns under different brake fluid sealing pressures. On
the air side of the contact area, the oil film pressure is lower, while on the fluid side, it
is higher. As the brake fluid sealing pressure increases, the oil film pressure shows an
increasing trend near the fluid side, while exhibiting a minor opposite trend near the air
side. The asperity contact pressure also shows a similar pattern under different sealing
pressures: from the fluid side to the air side, the contact pressure first decreases and then
increases. Both oil film pressure and asperity contact pressure are positively correlated
with the sealing pressure, which is consistent with the conclusions drawn earlier.

w w
- b}

o
S

>
Frictional Force/N
B g ]
b §

Frictional Force/N

30

=

0.8

0.7

0
0.01
0.02 0.6 -
003 004 0.08

.05 0.5 i S ’ 0.2 i
Piston Movement Speed/mm/s 0.06 Sealing Pressure/MPa Piston Movement Speed/mm/s 0.1 Sealing Pressure/MPa

(a) Extension stroke (b) Retraction stroke

Figure 21. Variation trend in frictional force with sealing pressure and piston reciprocating speed.
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Figure 22. Contact area pressure distribution under different brake fluid sealing pressures.
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Using the same analytical method, the oil film pressure and asperity contact pressure
of the piston during the extension and retraction strokes under different piston speeds
were analyzed. The results are shown in Figure 23.
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Figure 23. Contact area pressure distribution under different piston reciprocating speeds.

From Figure 23, it can be seen that during a continuous increase in speed during the
piston’s extension and retraction strokes, the asperity contact pressure in the sealed contact
area shows a downward trend, while the oil film pressure shows an upward trend. This is
because, with the initial conditions fixed, the total contact pressure within the entire sealed
contact area remains constant. As the piston speed increases, the hydrodynamic effect of
the brake fluid is enhanced, causing the oil film pressure to rise. This leads to a decrease
in the asperity contact pressure in the sealed contact area, thereby reducing the piston’s
motional friction, which aligns with the previously observed trend.

6. Conclusions

The main influencing factors of brake drag in disc brakes are analyzed according to
user operational data; the working conditions prone to brake drag are determined using
the dynamic model of brake drag mechanism based on typical braking conditions; the dy-
namic mechanical characteristics of the piston contact surface under the conditions prone
to drag are further analyzed. This can provide a reference and basis for the optimal design
of brake systems. The main conclusions are as follows:

(1) The primary factor influencing brake drag in the studied disc brake is piston sliding resis-
tance, which can be further amplified by thermal effects during high-intensity braking.

(2) Using friction force and restoring force as the primary criteria, and brake clearance
and drag torque as auxiliary criteria, the condition most prone to brake drag is iden-
tified as the medium-to-low speed, long-duration braking condition (Condition 2).
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Condition 2 is characterized by a relatively high initial braking speed, long braking
time, and long braking distance.

(3) Under Condition 2, the piston-seal contact area is in a state of mixed lubrication. The
contact pressure is dominated by asperity contact pressure, and the piston’s recipro-
cating friction is also dominated by asperity shear stress. The friction force during the
piston’s extension and retraction strokes is positively correlated with the sealing pres-
sure and negatively correlated with the piston’s speed. The oil film pressure in the
sealed contact area first increases and then decreases, being greater on the fluid side,
while the asperity contact pressure shows the opposite trend. Both exhibit similar
distribution patterns under different piston speeds and sealing pressures.

It should be noted that the drag-prone working conditions and drag characteristics
laws identified in this study are obtained based on the specific floating caliper disc brake
of the target vehicle. For braking systems with different structural forms or significantly
different structural parameters, the model needs to be recalibrated and modified for the
specific structure.

During braking, heat and particulate contamination are generated due to friction be-
tween the friction pads and the brake disc, as well as between the seals in the sealed contact
area. This leads to changes in the friction coefficient and brake fluid viscosity, affecting the
dynamic wear of the contact area and thereby altering its frictional characteristics [50-54].
In future research, the dynamic wear model can be expanded in combination with thermo-
dynamic theory to improve the applicability and predictive accuracy of the model.
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