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Abstract 

The article deals with the analysis of possible causes of vehicle yaw during braking as one 
of the phenomena affecting passenger safety. The braking diagram of the vehicle and 
the change in vehicle deceleration during the braking process are analyzed. Based on the 
analysis of the wheel brake mechanism's structure, the identification of the number and 
location of redundant constraints, their possible influence on the mechanism's operation 
and braking process, is demonstrated. Notably, the existing redundant constraints can 
cause an abnormal load, leading to the operation of parts with unintended preloads and 
tensions, and thereby reducing the service life of brake parts and compromising the safety 
of the vehicle braking process. Using constructive methods by changing the structure 
of the mechanism, adding kinematic pair motions and using kinematic connections, 
three variants of new brake mechanism designs are proposed, which reduce the number 
of redundant links and can have a significant positive influence on brake operation.

Keywords: brake mechanism; vehicle yaw; braking intensity; deceleration; redundant 
constraint; load unevenness

1. Introduction

Vehicle braking is one of the most hazardous driving modes, as it may result in the vehicle 
leaving the corridor, whose width is set at 3.5 m by [1]. It is evident that when vehicles  
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traveling toward each other are braking simultaneously, the danger only increases. The signif-
icance of the investigated process is emphasized by the sustained attention it has received 
in scientific publications. In the article [2] a new strategy of vehicle yaw moment control is 
proposed, which is based on the brake-by-wire system in order to increase the stability of 
the vehicle in complex maneuvers and driving conditions. The strategy is aimed at ensuring 
control of the yaw rate and sideslip angle at times when the wheels and tire may lose trac-
tion, for example, during sharp braking or changes in the trajectory of movement. A method 
of calculating the additional yaw moment based on the deviations of the actual yaw angle 
and sideslip from the target values is proposed. The difference between the desired and 
actual values of these parameters is used as an input for the controller. The controller uses 
a fuzzy logic controller to generate a corrective yaw moment, which is transmitted to the 
corresponding wheels to stabilize the vehicle movement. The article also presents a series 
of simulation and experimental verifications of the proposed strategy. The tests included 
various road situations: sharp steering input, double lane change maneuver, turns, etc. The 
results showed that after applying brake-by-wire yaw control, there was an improvement in 
vehicle stability and handling. The authors note that the proposed approach has the poten-
tial for integration into modern active vehicle safety systems. In study [3], the influence of 
braking force distribution among the wheels on vehicle yaw behavior and overall stability 
under combined braking and steering conditions is investigated. Particular attention is paid 
to the interaction between asymmetric braking forces and the vehicle’s lateral dynamics, 
which can lead to increased yaw rate and sideslip angle, especially at high speeds and under 
limited road adhesion. The results show that integrated control reduces yaw rate and side-
slip angle oscillations by 15–25% compared to conventional braking control. The redistribu-
tion of braking forces enables a more uniform utilization of tire–road friction, preventing 
premature wheel lock-up and the development of unstable yaw motion. As a result, the 
vehicle maintains directional stability during braking in a turn, and trajectory deviation is 
significantly reduced compared to operation without active brake force redistribution. The 
study confirms that wheel-level braking force control is an effective tool for yaw suppres-
sion during complex combined maneuvers. Study [4] investigates the impact of brake force 
redistribution on vehicle directional stability during braking in the event of a failure of one 
braking mechanism. The authors consider a vehicle equipped with a brake-by-wire system 
and analyze how braking force asymmetry leads to an increase in yaw moment and sideslip 
angle during intensive braking. It is shown that, in the absence of brake force redistribu-
tion, the failure of one brake results in a more than 25–30% increase in the maximum yaw 
rate compared to nominal braking conditions. The application of the proposed control algo-
rithm reduces the peak yaw rate by 15–20% and decreases the sideslip angle by more than 
10%. At the same time, braking efficiency is maintained at 85–90% of the normal fault-free 
level. The response time of the brake force redistribution system is approximately 0.1–0.2 s, 
ensuring vehicle stabilization at an early stage of instability development. The obtained 
results confirm that targeted redistribution of braking forces among the wheels is an effec-
tive means of yaw suppression during emergency braking conditions. In study [5], the effect 
of coordinated braking force distribution among the wheels on the directional stability of an 
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electric vehicle during braking, including partial brake actuator failure scenarios, is examined. 
The authors address the problem of significant yaw moments and lateral vehicle deviation 
caused by asymmetric braking and aim to minimize these effects through the integration 
of electronic brake force distribution and direct yaw moment control. The results show that 
coordinated brake force distribution reduces the braking distance by 7.05% compared to the 
uncontrolled mode. In addition, the maximum lateral deviation associated with yaw develop-
ment is reduced by 26.74%. The average longitudinal deceleration remains within the range 
of 3.5–4.1 m/s² even in the presence of a single brake channel failure, indicating high braking 
effectiveness. Peak yaw rate values are reduced to a stable range, preventing the vehicle 
from transitioning into an uncontrollable skid. Thus, the study demonstrates that coordi-
nated redistribution of braking forces among the wheels significantly mitigates the impact 
of braking asymmetry on vehicle yaw and enhances directional stability under emergency 
conditions. In study [6], the influence of coordinated braking force control on the directional 
stability of an in-wheel-motor electric vehicle during braking is investigated. The authors 
analyze how uncoordinated braking force distribution between the front and rear axles leads 
to undesirable yaw moments and increased sideslip angles, particularly under low-adhe-
sion conditions. The results indicate that optimized braking force distribution reduces the 
generated yaw moment by 15–18% compared to a fixed distribution scheme. The maximum 
yaw angle is reduced to 0.10–0.12 rad, whereas in the absence of coordination it reaches 
0.15–0.18  rad. This results in more stable vehicle deceleration and a reduced risk of skid 
development. The study demonstrates that braking force coordination among the wheels 
in in-wheel-motor electric vehicles is a key factor in improving directional stability during 
braking. The systems mentioned in the previous studies do not address the root causes of 
braking force oscillations; instead, they only partially mitigate their consequences, while their 
implementation requires additional resources.

Below is the analysis of braking diagrams (Figure 1) obtained for an M1 category vehicle, 
conducted under proving-ground conditions on a certified road section with a flat, hori-
zontal asphalt-concrete pavement. A measurement system was used to record accelera-
tion, speed, as well as to register the vehicle trajectory and braking distance. The system 
included, in particular, a professional GPS receiver connected to a computer equipped with 
the required software, an antenna for receiving signals from the GPS satellite system, and 
other auxiliary components. It makes it possible to establish that at the beginning of the 
braking process (t = 0, V0 = 42.55 km/h) the lateral acceleration al has a nonzero nega-
tive value (–0.207 m/s²), which means that the initial lateral velocity of the vehicle is also 
nonzero and begins to change direction with the onset of braking. The lateral acceleration 
al varies in magnitude and sign periodically, with the period increasing from 0.2 s at the 
beginning of the braking process to 0.5 s at its end, while the amplitude initially increases 
and then decreases. Changes in the longitudinal af and lateral al accelerations occur in the 
same phase, indicating that the lateral acceleration depends on the intensity of the wheel 
brake mechanisms' operation.
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Regarding the analysis of the reasons for this behavior of the braking process, our hypothesis 
is that the reason for the periodic change in transverse acceleration al and, consequently, 
vehicle yaw during braking may be the periodic increase in the friction torque of the wheel 
brake mechanisms, for example due to axial runout of the brake discs and/or misalign-
ment or sticking of the brake calipers, or uneven wear of the brake pads. This hypothesis 
is supported by the following:
•	� the presence of negative lateral acceleration at the beginning of the braking process (the 

vehicle was already drifting to the left before braking due to higher resistance of the front 
left and rear right wheels). This should not occur in the absence of resistance to the rota-
tion of these wheels;

•	� the period of variation of the lateral acceleration is of the same order as the wheel rota-
tion period (with the period increasing as the wheels reduce their rotational speed during 
braking).

In existing brake mechanism designs, the presence of disc axial runout, misalignments, 
uneven pad wear, and manufacturing tolerances is not practically compensated for, since 
the design of brake mechanisms allows these imperfections and wear effects to influence 
the braking process, in some cases generating a braking torque even in the absence of pads 
clamping against the disc. All this is explained by the lack of self-alignment capability of the 
components.

A significant number of scientific studies published in recent years have focused on investi-
gating methods and means to enhance the wear resistance of brake mechanism elements 
through materials science and design approaches.

 

Fig. 1. Experimental graphs of changes in vehicle deceleration during braking  

(af – longitudinal acceleration, al - lateral acceleration)
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In the article [7] the prediction of wear of brake pads of the car and estimation of their residual 
resource (RUL) based on the operation data, as well as the influence of changes in the mass 
of the vehicle on the wear process is considered. The authors built a model that uses data on 
real mileage (about 10200 km) and measurements of pad thickness on 31 samples, and also 
combines signals from on-board diagnostics, inertial measurement unit (IMU) and GPS data 
to estimate the braking force and wear. The main approach is to use a model of longitudinal 
dynamics of the vehicle to estimate the overall braking performance. Such an estimate allows 
to simulate the rate of pad wear, since wear is directly related to the total energy absorbed 
by the brakes. At the same time, the authors integrate for the first time a real estimate of 
the mass of the car into the model (mass change up to 23% of the nominal), which improves 
the accuracy of wear prediction under variable load conditions. Detailed experimental data 
were used to build the model, and the simulation results were verified on a separate part 
of the collected measurements. The developed model showed that estimating the vehicle 
mass allows reducing the errors in predicting the remaining life of the pads, as well as more 
accurately characterizing their wear under different driving modes. This opens up opportuni-
ties for optimizing maintenance and improving road transport safety, especially when using 
sensors and real-time monitoring systems. 

Other studies were carried out in [8], the performance efficiency of a disc brake mechanism 
of a Hyundai Accent vehicle was investigated by modeling various driving and braking modes 
on test benches. The modeling was performed using front disc brake pads from different 
manufacturers. The obtained results show that, depending on the manufacturer, the wear 
characteristics of brake pads and discs, as well as the magnitude of the braking torque, differ 
significantly.

Study [9] focuses on investigating the potential of using functionally graded ductile iron (FGDI) 
as a material for brake pads to enhance their wear resistance. The methodology consisted 
of two stages: controlled tribological tests conducted under laboratory conditions to identify 
wear mechanisms and evaluate friction coefficients, and bench tests on disc friction machines 
that simulated real braking conditions at various temperatures. Microscopic surface analysis 
revealed the formation of graphite plateaus on the pads and transfer films on the discs. It was 
established that FGDI with a functional gradient demonstrated higher wear resistance, a more 
stable friction coefficient, and lower sensitivity to temperature variations.

In a study [10], the relationship between brake pad and disc wear, as well as the efficiency of 
the vehicle braking system, was analyzed. The methodology included field tests on a vehicle 
(intensive and moderate operation modes) and bench tests on a dynamometric stand. During 
the study, the thickness of the pad friction material was measured (for example, front pads 
wore from 13 mm to nearly 10 mm after 18.5 thousand km of mileage), braking force was 
recorded, and braking system efficiency was evaluated as a percentage (the ratio of braking 
force to vehicle mass). It was found that after 18.5 thousand km of urban driving, braking 
system efficiency was about 59%, while after replacing the discs and pads, it increased to 
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72%. Thus, it was demonstrated that pad/disc wear has a significant effect on braking system 
performance.

In [11], the tribological properties and wear of disc–pad friction pairs were investigated on 
a laboratory test rig. Several types of pad and disc materials (types A, B, C, D, E, F) were 
analyzed in the temperature range of 100–450°C with a step of 50°C. The aim was to deter-
mine how the composition of the friction material affects disc wear and changes in the fric-
tion coefficient under thermal loading. It was found that the ratio of maximum to minimum 
disc wear varied from 6.0 to 10.0, depending on the material. At 800 and 1000 braking cycles 
and temperatures of 100–250°C/100–450°C, the corresponding ratios were 7.6 and 14.0. 
Thus, it was demonstrated that conventional pad materials (types A–D) result in higher disc 
wear in the second temperature regime, whereas materials E and F exhibit greater stability. 
It is recommended to select pad compositions taking into account their effect on the disc 
and the thermal regime.

In [12], a method for influencing the wear resistance of brake discs using ultrasonic vibrations 
during casting of disc blanks (frequencies of 20 kHz and 25 kHz) is proposed to improve 
friction and wear properties. Bench studies employed pressure, speed, and temperature 
sensors to measure the average friction coefficient and its stability under various braking 
conditions. The results show that discs manufactured using ultrasonic treatment exhibited 
better property stability and reduced wear rate compared to standard discs. It should be 
noted that the use of additional processing during blank manufacturing increases disc cost 
and, consequently, vehicle operating costs.

In the article [13] a new method for diagnosing and localizing changes in the thickness and 
corrosion of a car brake disc based on data collected during normal vehicle operation is 
proposed. Defects such as uneven disc thickness and corrosion damage are among the most 
common causes of brake judder - unwanted vibrations of the pedal, steering wheel and body 
during braking, which significantly affects the comfort and safety of driving, as it can lead 
to yaw during braking. The aim of the study was to develop an online method for assessing 
the condition of the disc to reduce the costs of scheduled technical inspections in fleets 
or when servicing autonomous vehicles. The authors performed the conversion of signals 
from vehicle sensors (brake pressure, brake force extension, acceleration extension and 
wheel speed) from the time domain to the angle domain. This allowed to identify parame-
ters sensitive to disc degradation, such as signal dispersion, envelope and spectral indices in 
the angle domain. The system also demonstrates high robustness to external noise caused 
by changes in tire type, tire pressure and vehicle mass, ensuring diagnostic stability under 
various operating conditions. The methodology also includes a classification model that inte-
grates various condition indicators and is able to identify the least healthy disc with separate 
detection for each wheel (corner isolation). This allows not only to detect the problem, but 
also to localize the weak point of the braking system, which is useful for scheduled mainte-
nance or for adaptive safety control.
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Article [14] analyzes friction and wear processes in the disc–pad pair under high-load condi-
tions. It was established that maximum local pad wear depth occurs in critical areas (edges 
of friction surfaces); wear intensity increases rapidly in the initial phase and then decreases. 
Radial wear decreases from the outer to the inner edge due to the linear increase in circum-
ferential speed with radius. As a result, asymmetric contact pressure distribution across the 
disc and local thermal effects lead to the formation of “hot rings” along the radius and the 
occurrence of DTV.

Study [15] assesses the influence of DTV and OOR (out-of-roundness) on the operation of 
electromechanical brakes (EMB). Analytical models and a brake simulation model incorpo-
rating EMB motor–gear stiffness were used, along with bench experiments with artificially 
introduced errors. It was demonstrated that the critical harmfulness threshold of DTV for 
EMB systems is lower than that of conventional hydraulic calipers; specifically, at DTV>36 μm, 
noticeable additional dynamic loads on motor–gear units and increased bearing loads 
are observed. OOR on the order of hundredths of a millimeter forms non-uniform radial 
contact, promoting localized wear and the formation of periodic radial rings or segments 
with increased wear. Therefore, stricter control of DTV/OOR tolerances is required for EMB 
systems, making service life improvement especially important.

Paper [16] examines the phenomenon of “double” or wedge-shaped wear of brake pads in 
braking systems of freight railway wagons. It was found that devices intended to ensure 
uniform pad wear are often damaged; as a result, wagon brake pads experience wedge-
shaped wear: the upper edges are more heavily loaded and come into contact with the 
wheel even in the released brake state. This creates additional friction, accelerates wear, and 
disrupts its uniformity.

Study [17] focuses on the statistical analysis of geometric wear parameters of brake pads 
in modernized freight wagon braking systems. By collecting data from maintenance station 
checkpoints, wear-versus-mileage relationships were constructed using statistical methods. 
The results showed that after modernization of braking systems with improved wear-uni-
formity measures, pad service life increased by approximately 2.6 times. Thus, it was proven 
that improving wear uniformity through design methods leads to a significant increase in 
service life.

Thus, the service life of brake pads and discs can be increased not only by materials science 
methods, but also by improving the uniformity of wear of these elements, which depends, 
among other factors, on the uniformity of pressure in the contact zone. Pressure uniformity 
can be ensured by the self-alignment capability of brake mechanism components, or by the 
absence of redundant constraints in the mechanism. In study [18], the presence and influ-
ence of redundant constraints on the operation of brake mechanisms of lifting machines 
were analyzed. Disc and drum-type mechanisms were considered, and it was shown that 
most existing redundant constraints are angular; they require high manufacturing and 
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assembly accuracy of brake components, as well as strict parameter control during opera-
tion. Compensation for redundant constraints is usually achieved by increasing clearances 
in kinematic pairs, which leads to delayed brake actuation and the occurrence of dynamic 
loads during operation. Some redundant constraints prevent the self-alignment of brake 
pads relative to discs or drums. In the presence of disc runout, this may cause fluctuations 
in braking torque during braking and resistance to disc or drum rotation when the brake is 
released. For automotive brake mechanisms, studies on the mechanism structure could not 
be found, which creates conditions for further scientific research.

This work aims to analyze and improve the structural perfection of an automotive wheel disc 
brake mechanism by ensuring the self-alignment of its components.

The objectives of the study are: 
•	� to develop a structural diagram of an automotive disc brake mechanism;
•	� to perform a structural analysis and determine the number and locations of redundant 

constraints;
•	� to assess the possible impact of the existing redundant constraints on the operation 

of the mechanism;
•	� to demonstrate the prospects for improving the brake mechanism by eliminating redun-

dant constraints;
•	� to propose variants of modified brake mechanism designs with a reduced number 

of redundant constraints.

2. Methodology

Next, the disc brake mechanism of the Daewoo Lanos vehicle will be analyzed as a typical 
representative of such devices (Figure 2). It includes a brake disc 1, mounted with the ability 
to rotate relative to the vehicle suspension; an outer 2 and an inner 3 (with respect to the 
vehicle longitudinal axis) brake pad, installed on both sides of the brake disc 1 and capable 
of axial movement along the disc by means of their prismatic guide lugs sliding in the caliper 
slots, as well as interacting with the working surfaces of the disc faces through their friction 
surfaces; a brake caliper body 0, rigidly fixed relative to the suspension, into whose pris-
matic slots the prismatic guide lugs of the brake pads are inserted; a U-shaped brake caliper 
bracket 4, mounted on the caliper guides with the ability of axial movement, which on the 
outer side of the brake disc 1 can interact with the non-working side surface of the outer 
brake pad 2, and on the inner side of the brake disc 1, a piston 5 is installed in the axial bore 
of the caliper bracket 4 with the ability of axial movement, the piston being capable of inter-
acting with its end face with the non-working side surface of the inner brake pad 3.

The described mechanism contains five movable links, n = 5 (disk 1, pads 2 and 3, bracket 4, 
and piston 5). Number of 5-class kinematic pairs here P5 = 1 (О5), number of 4-class kinematic 
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pairs P4 = 3 (M4, N4, R4), number of 3-class kinematic pairs P3 = 8 (А3, В3, С3, D3, E3, F3, L3, K3), 
2 and 1-class kinematic pairs are absent - P2 = P1 = 0.

Total kinematic pairs number is:
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Mechanism independent locked circuits are: R4F3E3D3C3R4; M4C3D3O5M4; N4C3D3O5N4; 
A3D3B3A3; A3C3B3A3; K3F3L3K3; K3E3L3K3.

Total mechanism mobility W = Wb + Wl = 1 + 3 = 4,
where Wb = 1 – basic mechanism mobility (disk 1 rotation around its axis);
Wl = 3 – local links mobilities (pads 2 and 3 movement, and piston 5 rotation).

Fig. 2. General view (a) and structural diagram (b) of wheel brake mechanism basic construction:  

0 – brake caliper body; 1 – brake disc; 2 and 3 – outer and inner brake pads;  

4 – shaped brake caliper bracket; 5 – piston
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Then redundant constraints number in mechanism basic variant by Somov and Malyshev 
formula:
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The presented calculations are confirmed by the application of the L. Reshetov's circuit 
method [20] (Table 1). The main plane there is considered XY plane, the movabilities in this 
plane are indicated as planar (
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Fig. 2. General view (a) and structural diagram (b) of wheel brake mechanism basic construction:  
0 – brake caliper body; 1 – brake disc; 2 and 3 – outer and inner brake pads;  
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).  
The data in Table 1 indicate that most redundant constraints restrict the angular movabili-
ties of the brake pads and therefore hinder their self-alignment relative to the discs (Table 
2). This, together with uneven wear of the components, may lead to an increased non-uni-
formity of load distribution between them, which in turn can cause fluctuations in the friction 
torque of the wheel brake mechanisms and vehicle yaw during braking (what we saw in the 
Figure 1 diagrams). Redundant constraints may also result in off-design loading of mecha-
nism elements, in particular assembly and operation with unintended preloads, which does 
not improve the performance of the brake mechanisms. In practice, the presence of redun-
dant constraints is often compensated for by increasing clearances in kinematic pairs, which 
leads to delayed brake actuation and the occurrence of additional dynamic loads.

Tab. 1. Circuit method application to the wheel brake mechanism basic construction
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Tab. 2. Redundant constraints influence the basic wheel brake mechanism construction

Redundant 
constraint

Presence influence
Practice way of 

leveling
Leveling absence 

consequences

1 2 3 4

q1
Impossibility of self-installation of the pad 3 on 
the piston 5 (q1), the pad 2 on the caliper bracket 
4 (q3), and both pads on the disk 2 (q5) around the 
X axis (
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Leveling 
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consequences 
1 2 3 4 

q1 
Impossibility of self-installation of the pad 
3 on the piston 5 (q1), the pad 2 on the 
caliper bracket 4 (q3), and both pads on the 
disk 2 (q5) around the X axis ( '' 0xf = ), in 
the presence of non-parallelism Δχ of the 
working surfaces of the pads, non-
perpendicularity of the piston end to its 
axis, and the pressure surface of the caliper 
bracket to the axis of the hydraulic cylinder 
(Figure 3a). 

Deformation of the 
mechanism parts 
during their 
operation. 

Uneven pressure 
distribution at 
the joints of the 
mechanism 
links, their 
uneven wear, 
and fluctuations 
in the friction 
torque created 
by the 
mechanism 
within the wheel 
rotation. 

q3 

q5 

q2 
Impossibility of self-installation of pad 3 
on piston 5 (q2), pad 2 on caliper bracket 4 
(q4), and pads on disk 2 (q6) around the Y 
axis ( '' 0yf = ), in the presence of non-
parallelism Δγ of the working surfaces of 
the pads, non-perpendicularity of the 
piston end to its axis, and of the caliper 
bracket surface to the axis of the hydraulic 
cylinder (Figure 3b). 

q4 

q6 

q9 
Impossibility of self-installation of pads 2 
(q9, q11) and 3 (q13, q15) on brake disc 1 
around the X axis ( '' 0xf = ), in the 
presence of end runout of disc 1, uneven 
wear of the disc ends or working surfaces 
of the pads, presence of angular errors in 
the location of the grooves Δχ for the brake 
pads or pad spikes in the YZ plane (Figure 
3c). Increase in linear 

gaps gy in kinematic 
pairs A, B, K, L in 
the direction of the 
Y axis. 

The presence of 
mounting 
stresses in the 
brake pads of 
the mechanism, 
their uneven 
wear, and 
fluctuations in 
the friction 
torque of the 
mechanism 
within the wheel 
rotation. The 
occurrence of 
dynamic loads 
on the 
mechanism due 
to the presence 
of gaps. 

q11 

q14 

q15 

q7
 Impossibility of assembling the A3D3B3A3 

(q7), A3С3B3A3 (q10), K3E3L3K3 (q14) circuits 
without tension along the Y axis ( ' 0yf = ), 
in the presence of errors in the location Δy 
of the grooves for the brake pads or the pad 
spikes (Figure 3d). 

q10
 

q12
 

q8 

The impossibility of assembling the pads 2, 
3 with the caliper bracket 4 without tension 
around the Z axis ( '' 0zf = ), in the presence 
of angular errors Δξ in the location of the 
grooves for the brake pads or the pad 
spikes (Figure 3e). 

q13 

), in the presence of non-parallelism 
Δχ of the working surfaces of the pads, 
non-perpendicularity of the piston end to its axis, 
and the pressure surface of the caliper bracket to 
the axis of the hydraulic cylinder (Figure 3a). Deformation of 

the mechanism 
parts during 
their operation.

Uneven pressure 
distribution at 
the joints of the 
mechanism links, 
their uneven wear, 
and fluctuations in 
the friction torque 
created by the 
mechanism within 
the wheel rotation.

q3

q5

q2
Impossibility of self-installation of pad 3 on piston 
5 (q2), pad 2 on caliper bracket 4 (q4), and pads 
on disk 2 (q6) around the Y axis (
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piston end to its axis, and of the caliper bracket 
surface to the axis of the hydraulic cylinder 
(Figure 3b).

q4

q6

q9

Impossibility of self-installation of pads 2 (q9, q11) 
and 3 (q13, q15) on brake disc 1 around the X axis 
(
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Tab. 2. Redundant constraints influence the basic wheel brake mechanism construction 
 

Redundant 
constraint Presence influence Practice way of 

leveling 
Leveling 
absence 

consequences 
1 2 3 4 

q1 
Impossibility of self-installation of the pad 
3 on the piston 5 (q1), the pad 2 on the 
caliper bracket 4 (q3), and both pads on the 
disk 2 (q5) around the X axis ( '' 0xf = ), in 
the presence of non-parallelism Δχ of the 
working surfaces of the pads, non-
perpendicularity of the piston end to its 
axis, and the pressure surface of the caliper 
bracket to the axis of the hydraulic cylinder 
(Figure 3a). 

Deformation of the 
mechanism parts 
during their 
operation. 

Uneven pressure 
distribution at 
the joints of the 
mechanism 
links, their 
uneven wear, 
and fluctuations 
in the friction 
torque created 
by the 
mechanism 
within the wheel 
rotation. 

q3 

q5 

q2 
Impossibility of self-installation of pad 3 
on piston 5 (q2), pad 2 on caliper bracket 4 
(q4), and pads on disk 2 (q6) around the Y 
axis ( '' 0yf = ), in the presence of non-
parallelism Δγ of the working surfaces of 
the pads, non-perpendicularity of the 
piston end to its axis, and of the caliper 
bracket surface to the axis of the hydraulic 
cylinder (Figure 3b). 

q4 

q6 

q9 
Impossibility of self-installation of pads 2 
(q9, q11) and 3 (q13, q15) on brake disc 1 
around the X axis ( '' 0xf = ), in the 
presence of end runout of disc 1, uneven 
wear of the disc ends or working surfaces 
of the pads, presence of angular errors in 
the location of the grooves Δχ for the brake 
pads or pad spikes in the YZ plane (Figure 
3c). Increase in linear 

gaps gy in kinematic 
pairs A, B, K, L in 
the direction of the 
Y axis. 

The presence of 
mounting 
stresses in the 
brake pads of 
the mechanism, 
their uneven 
wear, and 
fluctuations in 
the friction 
torque of the 
mechanism 
within the wheel 
rotation. The 
occurrence of 
dynamic loads 
on the 
mechanism due 
to the presence 
of gaps. 

q11 

q14 

q15 

q7
 Impossibility of assembling the A3D3B3A3 

(q7), A3С3B3A3 (q10), K3E3L3K3 (q14) circuits 
without tension along the Y axis ( ' 0yf = ), 
in the presence of errors in the location Δy 
of the grooves for the brake pads or the pad 
spikes (Figure 3d). 

q10
 

q12
 

q8 

The impossibility of assembling the pads 2, 
3 with the caliper bracket 4 without tension 
around the Z axis ( '' 0zf = ), in the presence 
of angular errors Δξ in the location of the 
grooves for the brake pads or the pad 
spikes (Figure 3e). 

q13 

), in the presence of end runout of disc 1, 
uneven wear of the disc ends or working surfaces 
of the pads, presence of angular errors in the 
location of the grooves Δχ for the brake pads or 
pad spikes in the YZ plane (Figure 3c).

Increase in 
linear gaps gy in 
kinematic pairs 
A, B, K, L in the 
direction of the 
Y axis.

The presence of 
mounting stresses 
in the brake pads 
of the mechanism, 
their uneven wear, 
and fluctuations 
in the friction 
torque of the 
mechanism within 
the wheel rotation. 
The occurrence of 
dynamic loads on 
the mechanism due 
to the presence of 
gaps.

q11

q14

q15

q7 Impossibility of assembling the A3D3B3A3 (q7), 
A3С3B3A3 (q10), K3E3L3K3 (q14) circuits without 
tension along the Y axis (
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brake pads of 
the mechanism, 
their uneven 
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in the presence of errors in the location Δy 
of the grooves for the brake pads or the pad 
spikes (Figure 3d). 

q10
 

q12
 

q8 

The impossibility of assembling the pads 2, 
3 with the caliper bracket 4 without tension 
around the Z axis ( '' 0zf = ), in the presence 
of angular errors Δξ in the location of the 
grooves for the brake pads or the pad 
spikes (Figure 3e). 

q13 

), in the presence 
of errors in the location Δy of the grooves for the 
brake pads or the pad spikes (Figure 3d).

q10

q12

q8 The impossibility of assembling the pads 2, 3 with 
the caliper bracket 4 without tension around the Z 
axis (
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), in the presence of angular errors Δξ 
in the location of the grooves for the brake pads 
or the pad spikes (Figure 3e).

q13
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Fig. 3. Schemes for of redundant constraints influence and leveling in basic wheel brake mechanism 

construction: q1, q3, q5 (a); q2, q4, q6 (b); q9, q11, q14, q15 (c); q7, q10, q12 (d); q8, q13 (e)  

(markings explanation – in Table 1)

The obtained results support the feasibility of modifying the brake mechanism structure in 
order to improve its performance, in particular by ensuring the ability of the brake pads to 
self-align with the discs under varying operating conditions. Among the possible approaches 
to eliminating redundant constraints, the following should be noted: increasing the class of 
kinematic pairs (or using kinematic joints), reducing the number of kinematic loops in the 
mechanism, and decreasing the number of local constraints.

3. Results and discussion

One practical way to reduce the number of redundant constraints is to replace the prismatic 
guide lugs of the brake pads with cylindrical ones, as well as to introduce spherical supports 
6 and 7 into the brake mechanism design. These supports interact with the non-working side 
surfaces of the brake pads by means of their flat surfaces, and with corresponding bores in 
the piston and the caliper bracket by means of their spherical surfaces (Figure 4).
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Fig. 4. Modified by the variant 1 wheel brake mechanism structural diagram:  

6, 7 – spherical supports

In this (variant 1) construction number of movable links is n = 7. 3-class kinematic pairs А3, 
В3, L3, K3 became 2-class pairs, and also two spherical 3-class pairs Q3, T3 will be added. 
Therefore the number of 5-class kinematic pairs P5 = 1 (О5), 4-class kinematic pairs number 
P4 = 3 (M4, N4, R4), 3-class kinematic pairs number P3 = 6 (С3, D3, E3, F3, Q3, T3), 2-class pairs 
number P2 = 4 (А2, В2, K2, L2), 1-class pairs are absent - P1 = 0.

Total kinematic pairs number:

P = P5 + P4 + P3 + P2 + P1 = 1 + 3 + 6 + 4 + 0 = 14.

The sum of kinematic pairs movabilities:

f = 1P5 + 2P4 + 3Pз + 4P2 + 5P1 = 1×1 + 2×3 + 3×6 + 4×4 + 5×0 = 41.

Number of independent locked circuits:

k = P − n = 14 − 7 = 7.

Total mechanism mobility W = Wb + Wl = 1 + 5 = 6,

where Wb = 1 – basic mechanism mobility (disc 1 rotation);
Wl = 5 – local links mobilities (piston 5 and supports 6, 7 rotation; pads 2, 3 moving). 
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Redundant constraints number in modified by the variant 1 mechanism by Somov and Maly-
shev formula:
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P = P5 + P4 + P3 + P2 + P1 = 1 + 3 + 6 + 4 + 0 = 14.  

f = 1P5 + 2P4 + 3Pз + 4P2 + 5P1 = 1×1 + 2×3 + 3×6 + 4×4 + 5×0 = 41.  

= 14 7 7k P n− = − = .  

5 4 3 2 15 4 3 2 6
6 5 1 4 3 3 6 2 4 0 6 7 7.
SMq W P P P P P n= + + + + + − =

= + × + × + × + × + − × =
  

 6 6 6 7 41 7OZq W k f= + − = + × − = .  
Redundant constraints number by Ozols formula:
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Tab. 3. Circuit method application to the modified by the variant 1wheel brake mechanism basic 

construction

Circuit Planar movabilities 
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Then redundant constraints number in mechanism basic variant by Somov and Malyshev formula: 

Redundant constraints number by Ozols formula: 

The presented calculations are confirmed by the application of the L. Reshetov՚s circuit method [20] 
(Table 1). The main plane there is considered XY plane, the movabilities in this plane are indicated as 
planar ( ' ' '',  ,p x y zf f f f= ), and all others - as non-planar ( '' '' ',  ,n x y zf f f f= ). The data in Table 1 indicate 
that most redundant constraints restrict the angular movabilities of the brake pads and therefore hinder 
their self-alignment relative to the discs (Table 2). This, together with uneven wear of the components, 
may lead to an increased non-uniformity of load distribution between them, which in turn can cause 
fluctuations in the friction torque of the wheel brake mechanisms and vehicle yaw during braking (what 
we saw in the Figure 1 diagrams). Redundant constraints may also result in off-design loading of 
mechanism elements, in particular assembly and operation with unintended preloads, which does not 
improve the performance of the brake mechanisms. In practice, the presence of redundant constraints 
is often compensated for by increasing clearances in kinematic pairs, which leads to delayed brake 
actuation and the occurrence of additional dynamic loads. 

 
Tab. 1. Circuit method application to the wheel brake mechanism basic construction 

 
Circuit Planar movabilities pf  Non-planar movabilities nf  

 

R4F3E3D3C3R4 

M4C3D3O5M4 

N4C3D3O5N4 

A3D3B3A3 

A3C3B3A3 

K3F3L3K3 

K3E3L3K3 

4, 15W q= =  
 

Fig. 2. General view (a) and structural diagram (b) of wheel brake mechanism basic construction:  
0 – brake caliper body; 1 – brake disc; 2 and 3 – outer and inner brake pads;  

4 – shaped brake caliper bracket; 5 – piston 

5 4 3 2 15 4 3 2 6
4 5 1 4 3 3 8 2 0 0 6 5 15.

SMq W P P P P P n= + + + + + − =
= + × + × + × + × + − × =

 (4) 

 6 4 6 7 31 15.OZq W k f= + − = + × − =  (5) 

Non-planar movabilities 
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0 – brake caliper body; 1 – brake disc; 2 and 3 – outer and inner brake pads;  

4 – shaped brake caliper bracket; 5 – piston 

5 4 3 2 15 4 3 2 6
4 5 1 4 3 3 8 2 0 0 6 5 15.

SMq W P P P P P n= + + + + + − =
= + × + × + × + × + − × =

 (4) 
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R4Q3F3E3D3C3T3R4

M4T3C3D3O5M4

N4T3C3D3O5N4

A2D3B2A2

A2C3B2A2

K2F3L2K2

K2E3L2K2

W = 6, q = 7
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Tab. 3. Circuit method application to the modified by the variant 1wheel brake mechanism basic 
construction 

 

Circuit 
Planar movabilities pf  Non-planar movabilities nf  

 

R4Q3F3E3D3C3T3R4 

M4T3C3D3O5M4 

N4T3C3D3O5N4 

A2D3B2A2 

A2C3B2A2 

K2F3L2K2 

K2E3L2K2 

6, 7W q= =  
 

The number of redundant constraints can be further reduced by making the studs of the pads spherical 
(or barrel-shaped) instead of cylindrical (Figure 5) and increasing the class of the corresponding pairs 
to the first (the variant 2). In such a construction, the number of movable links will also be n = 7. The 
number of kinematic pairs of the 5-class will be P5 = 1 (О5), 4-class kinematic pairs number P4 = 3 (M4, 
N4, R4), 3-class kinematic pairs number P3 = 6 (С3, D3, E3, F3, Q3, T3), 2-class pairs are absent  
P2 = 0, 1-class kinematic pairs number - P1 = 4 (А1, В1, K1, L1). 

 
Fig. 5. Modified by the variant 2 brake mechanism structural diagram 

Then total kinematic pairs number: 

The sum of kinematic pairs movabilities: 

P = P5 + P4 + P3 + P2 + P1 = 1 + 3 + 6 + 0 + 4 = 14.  
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Fig. 5. Modified by the variant 2 brake mechanism structural diagram 

Then total kinematic pairs number: 

The sum of kinematic pairs movabilities: 

P = P5 + P4 + P3 + P2 + P1 = 1 + 3 + 6 + 0 + 4 = 14.  

The number of redundant constraints can be further reduced by making the studs of the 
pads spherical (or barrel-shaped) instead of cylindrical (Figure 5) and increasing the class 
of the corresponding pairs to the first (the variant 2). In such a construction, the number 
of movable links will also be n = 7. The number of kinematic pairs of the 5-class will be  
P5 = 1 (О5), 4-class kinematic pairs number P4 = 3 (M4, N4, R4), 3-class kinematic pairs 
number P3 = 6 (С3, D3, E3, F3, Q3, T3), 2-class pairs are absent P2 = 0, 1-class kinematic pairs 
number - P1 = 4 (А1, В1, K1, L1).
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Fig. 5. Modified by the variant 2 brake mechanism structural diagram

Then total kinematic pairs number:

P = P5 + P4 + P3 + P2 + P1 = 1 + 3 + 6 + 0 + 4 = 14.

The sum of kinematic pairs movabilities:

f = 1P5 + 2P4 + 3Pз + 4P2 + 5P1 = 1×1 + 2×3 + 3×6 + 4×0 + 5×4 = 45.

Number of independent locked circuits:

k = P − n = 14 − 7 = 7.

Total mechanism mobility W = Wb + Wl = 1 + 5 = 6 (the same as in the variant 1).

Redundant constraints number in number in modified by the variant 2 mechanism by Somov 
and Malyshev formula:
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To confirm the calculations, Table 4 shows the application of the circuit method. 

 
Tab. 4. The circuit method application to modified by the variant 2 wheel brake mechanism basic 
construction 
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Further modification (the variant 3) is possible by installing the caliper guides 8 and 9 on spherical joints 
S3 та V3 in combination with spherical pad studs and piston thrust on the non-working side surface of 
the inner brake pad through the spherical support 6 (Figure 6). In this variant of mechanism modification 
the number of movable links became n = 8, 5-class kinematic pairs number will be P5 = 1 (О5), 4-class 
kinematic pairs number P4 = 3 (M4, N4, R4), 3-class kinematic pairs number P3 = 7  
(С3, D3, E3, F3, T3, S3, V3), 2-class pairs are absent P2 = 0, 1-class pairs number - P1 = 4 (А1, В1, K1, L1). 

Total kinematic pairs number: 

The sum of kinematic pairs movabilities: 

Number of independent locked circuits: 

f = 1P5 + 2P4 + 3Pз + 4P2 + 5P1 = 1×1 + 2×3 + 3×6 + 4×0 + 5×4 = 45.  

= 14 7 7k P n− = − = .  

5 4 3 2 15 4 3 2 6
6 5 1 4 3 3 6 2 0 4 6 7 3.
SMq W P P P P P n= + + + + + − =

= + × + × + × + × + − × =
  

 6 6 6 7 45 3OZq W k f= + − = + × − = .  

P = P5 + P4 + P3 + P2 + P1 = 1 + 3 + 7 + 0 + 4 = 15.  

f = 1P5 + 2P4 + 3Pз + 4P2 + 5P1 = 1×1 + 2×3 + 3×7 + 4×0 + 5×4 = 48.  

Redundant constraints number by Ozols formula:
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Then redundant constraints number in mechanism basic variant by Somov and Malyshev formula: 

Redundant constraints number by Ozols formula: 

The presented calculations are confirmed by the application of the L. Reshetov՚s circuit method [20] 
(Table 1). The main plane there is considered XY plane, the movabilities in this plane are indicated as 
planar ( ' ' '',  ,p x y zf f f f= ), and all others - as non-planar ( '' '' ',  ,n x y zf f f f= ). The data in Table 1 indicate 
that most redundant constraints restrict the angular movabilities of the brake pads and therefore hinder 
their self-alignment relative to the discs (Table 2). This, together with uneven wear of the components, 
may lead to an increased non-uniformity of load distribution between them, which in turn can cause 
fluctuations in the friction torque of the wheel brake mechanisms and vehicle yaw during braking (what 
we saw in the Figure 1 diagrams). Redundant constraints may also result in off-design loading of 
mechanism elements, in particular assembly and operation with unintended preloads, which does not 
improve the performance of the brake mechanisms. In practice, the presence of redundant constraints 
is often compensated for by increasing clearances in kinematic pairs, which leads to delayed brake 
actuation and the occurrence of additional dynamic loads. 

 
Tab. 1. Circuit method application to the wheel brake mechanism basic construction 

 
Circuit Planar movabilities pf  Non-planar movabilities nf  

 

R4F3E3D3C3R4 

M4C3D3O5M4 

N4C3D3O5N4 

A3D3B3A3 

A3C3B3A3 

K3F3L3K3 

K3E3L3K3 

4, 15W q= =  
 

Fig. 2. General view (a) and structural diagram (b) of wheel brake mechanism basic construction:  
0 – brake caliper body; 1 – brake disc; 2 and 3 – outer and inner brake pads;  

4 – shaped brake caliper bracket; 5 – piston 

5 4 3 2 15 4 3 2 6
4 5 1 4 3 3 8 2 0 0 6 5 15.

SMq W P P P P P n= + + + + + − =
= + × + × + × + × + − × =

 (4) 

 6 4 6 7 31 15.OZq W k f= + − = + × − =  (5) 

Non-planar movabilities 
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is often compensated for by increasing clearances in kinematic pairs, which leads to delayed brake 
actuation and the occurrence of additional dynamic loads. 
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Fig. 2. General view (a) and structural diagram (b) of wheel brake mechanism basic construction:  
0 – brake caliper body; 1 – brake disc; 2 and 3 – outer and inner brake pads;  

4 – shaped brake caliper bracket; 5 – piston 

5 4 3 2 15 4 3 2 6
4 5 1 4 3 3 8 2 0 0 6 5 15.

SMq W P P P P P n= + + + + + − =
= + × + × + × + × + − × =

 (4) 
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R4Q3F3E3D3C3T3R4

M4T3C3D3O5M4

N4T3C3D3O5N4

A1D3B1A1

A1C3B1A1

K1F3L1K1

K1E3L1K1

W = 6, q = 3

The Archives of Automotive Engineering – Archiwum Motoryzacji Vol. 111, No. 1, 2026 
https://doi.org/10.14669/AM/218873 

 

Number of independent locked circuits: 

Total mechanism mobility W = Wb + Wl = 1 + 5 = 6 (the same as in the variant 1). 

Redundant constraints number in number in modified by the variant 2 mechanism by Somov and 
Malyshev formula: 

Redundant constraints number by Ozols formula: 

 
To confirm the calculations, Table 4 shows the application of the circuit method. 

 
Tab. 4. The circuit method application to modified by the variant 2 wheel brake mechanism basic 
construction 
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Further modification (the variant 3) is possible by installing the caliper guides 8 and 9 on spherical joints 
S3 та V3 in combination with spherical pad studs and piston thrust on the non-working side surface of 
the inner brake pad through the spherical support 6 (Figure 6). In this variant of mechanism modification 
the number of movable links became n = 8, 5-class kinematic pairs number will be P5 = 1 (О5), 4-class 
kinematic pairs number P4 = 3 (M4, N4, R4), 3-class kinematic pairs number P3 = 7  
(С3, D3, E3, F3, T3, S3, V3), 2-class pairs are absent P2 = 0, 1-class pairs number - P1 = 4 (А1, В1, K1, L1). 

Total kinematic pairs number: 

The sum of kinematic pairs movabilities: 

Number of independent locked circuits: 

f = 1P5 + 2P4 + 3Pз + 4P2 + 5P1 = 1×1 + 2×3 + 3×6 + 4×0 + 5×4 = 45.  

= 14 7 7k P n− = − = .  

5 4 3 2 15 4 3 2 6
6 5 1 4 3 3 6 2 0 4 6 7 3.
SMq W P P P P P n= + + + + + − =

= + × + × + × + × + − × =
  

 6 6 6 7 45 3OZq W k f= + − = + × − = .  

P = P5 + P4 + P3 + P2 + P1 = 1 + 3 + 7 + 0 + 4 = 15.  

f = 1P5 + 2P4 + 3Pз + 4P2 + 5P1 = 1×1 + 2×3 + 3×7 + 4×0 + 5×4 = 48.  
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Further modification (the variant 3) is possible by installing the caliper guides 8 and 9 on spherical joints 
S3 та V3 in combination with spherical pad studs and piston thrust on the non-working side surface of 
the inner brake pad through the spherical support 6 (Figure 6). In this variant of mechanism modification 
the number of movable links became n = 8, 5-class kinematic pairs number will be P5 = 1 (О5), 4-class 
kinematic pairs number P4 = 3 (M4, N4, R4), 3-class kinematic pairs number P3 = 7  
(С3, D3, E3, F3, T3, S3, V3), 2-class pairs are absent P2 = 0, 1-class pairs number - P1 = 4 (А1, В1, K1, L1). 

Total kinematic pairs number: 

The sum of kinematic pairs movabilities: 

Number of independent locked circuits: 

f = 1P5 + 2P4 + 3Pз + 4P2 + 5P1 = 1×1 + 2×3 + 3×6 + 4×0 + 5×4 = 45.  

= 14 7 7k P n− = − = .  
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= + × + × + × + × + − × =
  

 6 6 6 7 45 3OZq W k f= + − = + × − = .  

P = P5 + P4 + P3 + P2 + P1 = 1 + 3 + 7 + 0 + 4 = 15.  

f = 1P5 + 2P4 + 3Pз + 4P2 + 5P1 = 1×1 + 2×3 + 3×7 + 4×0 + 5×4 = 48.  

Further modification (the variant 3) is possible by installing the caliper guides 8 and 9 on 
spherical joints S3 та V3 in combination with spherical pad studs and piston thrust on the 
non-working side surface of the inner brake pad through the spherical support 6 (Figure 6). 
In this variant of mechanism modification the number of movable links became n = 8, 5-class 
kinematic pairs number will be P5 = 1 (О5), 4-class kinematic pairs number P4 = 3 (M4, N4, R4), 
3-class kinematic pairs number P3 = 7 (С3, D3, E3, F3, T3, S3, V3), 2-class pairs are absent  
P2 = 0, 1-class pairs number - P1 = 4 (А1, В1, K1, L1).

Total kinematic pairs number:

P = P5 + P4 + P3 + P2 + P1 = 1 + 3 + 7 + 0 + 4 = 15.

The sum of kinematic pairs movabilities:

f = 1P5 + 2P4 + 3Pз + 4P2 + 5P1 = 1×1 + 2×3 + 3×7 + 4×0 + 5×4 = 48.

Number of independent locked circuits:

k = P − n = 15 − 8 = 7.

Total mechanism mobility W = Wb + Wl = 1 + 6 = 7,

where Wb = 1 – basic mechanism mobility (disc 1 rotation);
Wl = 6 – local links mobilities (piston 5, support 6 and guides 7, 8 rotation; pads 2, 3 moving).
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Fig. 6. Modified by the variant 3 brake mechanism structural diagram:  

6 – spherical support; 8, 9 – caliper guides

Redundant constraints number in number in modified by the variant 3 mechanism by Somov 
and Malyshev formula:
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Total mechanism mobility W = Wb + Wl = 1 + 6 = 7, 

where Wb = 1 – basic mechanism mobility (disc 1 rotation); 

Wl = 6 – local links mobilities (piston 5, support 6 and guides 7, 8 rotation; pads 2, 3 moving).  

 
Fig. 6. Modified by the variant 3 brake mechanism structural diagram:  

6 – spherical support;  8, 9 – caliper guides 
Redundant constraints number in number in modified by the variant 3 mechanism by Somov and 
Malyshev formula: 

Redundant constraints number by Ozols formula: 

The application of the circuit method for the described mechanism is given in Table 5. 

Tab. 5. The Circuit method application to modified by the variant 3 wheel brake mechanism basic 
construction 

Circuit 
Planar movabilities pf  Non-planar movabilities nf  

 

R4T3F3E3D3C3R4 

S3M4C3D3O5S3 

V3N4T3F3E3O5V3 

A1D3B1A1 

A1C3B1A1 

K1F3L1K1 
K1E3L1K1 

7, 1W q= =  

= 15 8 7k P n− = − = .  

5 4 3 2 15 4 3 2 6
7 5 1 4 3 3 7 2 0 1 4 6 8 1.

SMq W P P P P P n= + + + + + − =
= + × + × + × + × + × − × =

  

 6 7 6 7 48 1OZq W k f= + − = + × − = .  
Redundant constraints number by Ozols formula:

 .
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The presented calculations are confirmed by the application of the L. Reshetov՚s circuit method [20] 
(Table 1). The main plane there is considered XY plane, the movabilities in this plane are indicated as 
planar ( ' ' '',  ,p x y zf f f f= ), and all others - as non-planar ( '' '' ',  ,n x y zf f f f= ). The data in Table 1 indicate 
that most redundant constraints restrict the angular movabilities of the brake pads and therefore hinder 
their self-alignment relative to the discs (Table 2). This, together with uneven wear of the components, 
may lead to an increased non-uniformity of load distribution between them, which in turn can cause 
fluctuations in the friction torque of the wheel brake mechanisms and vehicle yaw during braking (what 
we saw in the Figure 1 diagrams). Redundant constraints may also result in off-design loading of 
mechanism elements, in particular assembly and operation with unintended preloads, which does not 
improve the performance of the brake mechanisms. In practice, the presence of redundant constraints 
is often compensated for by increasing clearances in kinematic pairs, which leads to delayed brake 
actuation and the occurrence of additional dynamic loads. 
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Fig. 2. General view (a) and structural diagram (b) of wheel brake mechanism basic construction:  
0 – brake caliper body; 1 – brake disc; 2 and 3 – outer and inner brake pads;  

4 – shaped brake caliper bracket; 5 – piston 
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Fig. 2. General view (a) and structural diagram (b) of wheel brake mechanism basic construction:  
0 – brake caliper body; 1 – brake disc; 2 and 3 – outer and inner brake pads;  

4 – shaped brake caliper bracket; 5 – piston 
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4 5 1 4 3 3 8 2 0 0 6 5 15.
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R4T3F3E3D3C3R4
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V3N4T3F3E3O5V3

A1D3B1A1
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Total mechanism mobility W = Wb + Wl = 1 + 6 = 7, 

where Wb = 1 – basic mechanism mobility (disc 1 rotation); 

Wl = 6 – local links mobilities (piston 5, support 6 and guides 7, 8 rotation; pads 2, 3 moving).  
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The feasibility of using the described mechanisms in practice can be verified by performing 
feasibility studies and conducting bench or full-scale experiments. It is also possible to 
reduce the number of redundant constraints by reducing the number of kinematic pairs, 
which can be implemented by using a different principle of operation and transmission 
mechanism between the power hydraulic cylinder and the brake pads.

4. Conclusions

1.	� The results of a structural analysis of an automotive disc-type wheel brake mechanism 
are presented. It has been established that this basic mechanism contains q = 15 redun-
dant constraints, which may significantly affect its operation.

2.	� It is shown that the existing redundant constraints may cause off-design loading, in 
particular assembly and operation with unintended preloads and tensions, and also 
reduce the uniformity of load distribution among the mechanism components, thereby 
decreasing the service life of brake parts and potentially reducing the safety of the vehicle 
braking process;

3.	� It is shown that, in practice, the influence of redundant constraints is compensated for 
by increasing clearances in kinematic pairs, which leads to delayed brake actuation and 
additional dynamic loads during operation, and consequently further reduces durability;

4.	� A comprehensive improvement in the technical level of disc-type brake mechanisms is 
achievable through materials science and design approaches, aimed at increasing the 
wear resistance of friction pairs and the uniformity of load distribution between them; 
however, the elimination of redundant constraints in the mechanism plays a crucial role 
in the successful implementation of materials-based solutions;

5.	� Within the framework of design-based improvements, three variants of new wheel brake 
mechanism designs are proposed, in which the number of redundant constraints was 
reduced from q = 15 in the basic construction to q = 7, q = 3, and q = 1, which may have 
a significant positive influence on their functional performance.
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