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Among the evaluation criteria for deter-
mining the efficiency of vehicle windshield
cleaning, the pressure distribution of the
wiper rubber brush on the glass surface is
important. The problem is the lack of this indi-
cator standardization by the United Nations
Economic Commission for Europe Rules
(UNECE) regarding the windshield wipers
certification. The inhomogeneity of the pres-
sure distribution of the conventional wiper
(the object of research) is additionally due
to the mobility of the links of its mechanism
and the plasticity of the rubber brush togeth-
er with the blade. The pressure value should
not be more than 30-50 kPa (33.4 kPa was
recorded for the immobilized wiper case), and
the external normal load on the frame should
be kept within 20...30 N. Under a load of 24 N,
the wiper blade was deformed by 1.48 mm
(according to R43, it cannot exceed 1.5 mm).
Further loading of the wiper frame causes two
types of plastic deformation: local and glob-
al (loss of the rubber brush shape). Local
displacements have increased to 1.82 mm,
and the shape of the blade has acquired a
“sliced” character, which causes thin jets
of dirt. Global ones led to the rubber brush
bending with the gap between it and the glass
(5.7mm) and caused the blind zone appear-
ance. Models to mathematically predict lay-
er-by-layer deformations of a conventional
wiper were investigated. A model of a dou-
ble-row blade with separate brushes was
built, which enables the parallelization of
water flows and explains the increase in the
efficiency of its design. Hydrodynamic tests
showed 1.58 times greater effectiveness com-
pared to a classic single-row blade: the water
Slow rate was 15.61 vs 9.86 m/s. This techno-
logical advancement is the subject of a patent
and a possible working prototype
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1. Introduction

Normative requirements for windshield wipers are
regulated by a number of international rules, in partic-
ular the United Nations Economic Commission for Eu-
rope (UNECE) in the European Union and the Federal
Motor Vehicle Safety Standards in the United States. The
latter establish such requirements as: the windshield wip-
er system should not interfere with the driver’s work but
remain capable of cleaning the normatively defined area of
the windshield during the specified number of cycles, etc.
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The UNECE R43 regulation also includes performance
requirements for windscreen wipers and describes their
ability to effectively clear the windscreen of dirt, rain,
or snow. However, some para meters of these Rules need
to be revised in order to comply with modern trends, for
example control of the wiper pressure on the glass surface
or the selection of alternative profiles of rubber brushes
with an assessment of their effectiveness. Therefore, stud-
ies considering the development and optimization of the
parameters of the working elements of windshield wipers
in contact with the glass surface are relevant.




2. Literature review and problem statement

The review in [1] reflects the evolution of the design
of windshield wipers and washers from 1939 to 2021,
highlighting the main innovations aimed at optimizing
windshield cleaning and improving road safety. It notes the
increased risk of accidents in adverse weather due to poten-
tial visibility problems caused by wiper and washer systems
and offers suggestions for future research areas to further
improve these systems. At the same time, in the cited review
there are no studies on alternative designs of wiper blades.
Windshield wipers are primarily designed to remove water
and dirt from the windshield [2], providing the driver with
a clear view of the road ahead. Determining the efficiency of
windshield wipers from the very beginning of their design
is critically important for ensuring their reliable operation,
which is the subject of numerous scientific works. Paper [3]
investigates how variations in the curvature of the wind-
shield affect the distribution of forces acting on the side of
the windshield wiper and demonstrates the influence on the
corresponding dynamics of transient processes. The study
includes contact calculations for three different types of
windshield curvature and three force application points in a
finite element analysis (FEA) module. These data are further
analyzed using a series of interconnected mass-spring damp-
ing systems to model the dynamic behavior of the wiper
blade rib. Works [2, 3] do not contain studies of windshield
wipers in critical operating conditions, which is one of the
tasks of this work. Paper [4] delves into the complex non-lin-
ear interaction between the wiper blade and the vehicle
glass using FEA, demonstrating how the shape of the brush
affects the load distribution. Since the contact of the blade
with the windshield depends on the movement of the wind-
shield wiper, it is useful to refer to study [5], which focuses
on the geometric synthesis of the mechanism of the front
windshield wiper using rockers for fixing the brush. Wiper
mechanisms are also studied in [6]. Despite the relevance
of the topics addressed in [4—6], the authors do not provide
data on the resulting pressure on the glass surface from the
side of the windshield wiper. In [7], the dynamic character-
istics and mechanism of generating vibrations of a frameless
windshield wiper are studied. A wiper prediction scheme is
proposed using a sectional linkage model to estimate vibra-
tions caused by frameless structures and provides a detailed
analysis of nonlinear dynamics. Work [8] investigates the
dynamics of friction and vibrations during the interaction
between a windshield wiper and a vehicle windshield by
developing and testing dynamic and frictional models under
various conditions. The aim is to provide a theoretical basis
for the structural optimization of rubber blades. The authors
of [7, 8] do not provide the results of a comparison of tradi-
tional and frameless windshield wipers, which is especially
valuable from the point of view of friction and vibrations.
In [9], the dynamics of wiper blades on a curved windshield
were analyzed and attention was focused on such a parame-
ter as the angle of attack, which contributes to the develop-
ment of the problem of jumps. A two-link analytical model
is introduced to study the interaction of dynamic and static
friction using a variable gap control method to accurately de-
termine the timing and conditions of transients affecting the
jump phenomenon. Work [10] investigates the vibrations of
front windshield wipers and their impact on driving comfort
and safety by measuring contact forces at different points

along the blade of the brush. The results show higher force
and vibration values in the inner and middle sections of the
blade, highlighting areas for targeted improvement in future
research. Works [9, 10] consider the angle of inclination of
the glass, but do not provide data on the effect of changing
the radius of curvature of the glass on the obtained reactions
and pressure distribution. In reality, the increase in the cur-
vature of the glass helps reduce the load on the wiper at the
edges — the uniformity of its fit deteriorates.

Considering the scientific novelty of the proposed dou-
ble-row blade model, it is recommended to familiarize your-
self with other novelties in the field of windshield wipers.
Paper [11] presents an automatic wiper rain tracking system
aimed at improving driver safety by using water sensors, an
Arduino Uno, a servo drive, and an external power supply.
Such a complex makes it possible to detect the intensity of
precipitation and provide automatic control of the speed of
the windshield wiper (in order to reduce mechanical errors
and driver distractions). The authors of [12] also presented
their automatic car windshield wiper system designed to
minimize driver distraction by adjusting the windshield
wiper speed according to the intensity of the rain and pro-
viding an audio signal about the downpour. The system
consists of a rain sensor and a servo drive interacting with an
ATMega328 (Arduino Uno A000066), showing fast re-
sponses and efficient operation, thereby increasing driving
safety and potentially integrating with modern automotive
technology. Automatic rain-sensing wipers using Arduino
are the subject of [13]. Automotive engineers present pre-
cise mathematical formulas, applied to a three-dimensional
elastic model with specific boundary conditions, to predict
the vibration frequencies of the windshield wiper rubber
brush [14]. This noise reduction model has been validated
with experimental data, showing near-perfect fit, and pro-
viding a reliable tool for testing and improving wiper design.
Papers [11-14] are based on Arduino but remain isolated
from the vehicle user interface. Modern trends in control
and driver interaction with car systems are often based on
Android Automotive. Such a platform can effectively com-
plement the sensors proposed by the authors, informing the
driver about the intensity of rain and other parameters.

Despite the fact that the object of research is a conven-
tional windshield wiper, it makes sense to get acquainted
with the features of the geometric curvature of a frameless
windshield wiper [15], which has nonlinear variable charac-
teristics. Study [16] highlights a method for optimizing the
geometry of metal flexible elements in flat windshield wipers
by measuring the pressure distribution using piezoelectric
sensors and using computer aided design (CAD) and FEA.
The authors apply these techniques to curved windshields,
perform dynamic wiping simulations, and compare practical
cleaning performance with real-world numerical results to
ensure optimal wiper performance. In works [15, 16] there
is a lack of results comparing the pressure distribution from
traditional and frameless wipers on the curved glass surface
under the same boundary conditions. The topic of pressure
on the glass surface was previously discussed in [17] — the in-
termediate state of the system under the action of a vertical
load of 20 N applied to the windshield wiper frame was con-
sidered. The results showed that the load can be increased,
taking into account the permissible limits of movement of
the wiper blade according to the Rules R43 (1.5 mm), and
therefore the studies are not exhaustive.



Paper [18] details the integration of CFD to evaluate
the washoff performance of rainwater and windshield wiper
fluid on automotive glass surfaces. The study determines the
movement of the wiper blades based on Multi-Body Dynam-
ics (MBD), taking into account variables such as the speed
and range of the driver and passenger side wipers. The CFD
theme continues in [19] — the authors of the study focus on
evaluating the waterproof performance of vehicle windshield
wiper systems using CFD software PreonlLab to simulate
water flows, thereby identifying areas of potential water-
proofing failure. Study [20] uses numerical simulations to
analyze the aerodynamic forces acting on windshield wiper
systems at critical angles, focusing on blade geometry and
spoiler modifications to counteract lift forces at high speeds.
Optimum modifications such as wiper profile, height, and
connection type are determined to minimize aerodynamic
lift. The effectiveness of these changes has been confirmed
through wind tunnel testing, proving that the new wiper
design is more efficient and provides higher wiping perfor-
mance. Despite the use of CFD, papers [18—20] are focused
on the aerodynamics of windshield wipers, but do not
provide data on hydrodynamics under various boundary
conditions. The authors in works [21-23] seek to deepen
the understanding of the transient aerodynamic effects of
moving windshield wipers, using vortex simulation and
dynamic grid methods to study the factors affecting the air
flow and various aerodynamic forces. These works do not
cover meteorological factors affecting the aerodynamics of
the windshield wiper, for example, rain waves. An increase
in the density of the environment leads to an increase in its
resistance — aerodynamic indicators during rain differ from
those in dry weather. The theoretical foundations of tran-
sient mechanical processes in Ansys Transient Structural
are also described in [24] by the authors of this work. The
work serves more as a theoretical reminder of the Ansys
strength calculation principles applied in current research.

The research area of windshield wipers is quite popular
among available scientific publications, however, there is a
lack of modern works that consider the simulation of extreme
conditions of operation of windshield wipers. The last fact
is closely related to the modern trends of reducing budgets
and deadlines for the development and testing of windshield
wipers. The so-called “key performance indicators” (KPIs)
at all levels of enterprise or laboratory activity dictated by
austerity and market competition have additional influence.
Extreme conditions of operation of windshield wipers may
be the subject of attention of manufacturers of special or mil-
itary equipment, information about which is limited to open
publications. Such specific conditions include, for example,
the investigated case of frozen rocker arms and immobi-
lized windshield wiper frame. There is also relatively little
research on new types of rubber wiper blade profiles. CFD
analysis is an innovative direction since most scientists con-
sider the aerodynamics of the wiper as a whole, rather than
the hydrodynamics of an individual rubber blade. Therefore,

the above studies show that the UNECE Regulations need
to be updated to meet the current trends in the automotive
industry.

3. The aim and objectives of the study

The purpose of our study is to determine the regulari-
ties of the mechanical and hydrodynamic parameters of the
contact interaction of a two-row rubber wiper with a curved
glass surface. This will make it possible to build analytical
models for testing windshield wipers under extreme condi-
tions and provide practical recommendations for designing
a working prototype of a double-row rubber blade with
individual brushes.

To achieve the goal, the following tasks were set:

—to investigate the parameters of the mechanical in-
teraction of the windshield wiper with the surface of the
windshield;

— to analyze the hydrodynamic contact of a double-row
rubber blade with a curved glass surface.

4. Research materials and methods

4. 1. Interaction of the windshield wiper with a curved
windshield

Below are the design features of a conventional wind-
shield wiper based on a simplified assembly (Fig. 1) before
conducting Ansys tests. A typical assembly structure of
a conventional windshield wiper includes a retainer (1), a
frame of the windshield wiper (2), a rubber brush with a
blade (3), which together rotate on the axis of the drive
bracket (4) and are pressed by a spring (5).

The spring (5) creates a load, which in the form of
pressure is distributed over the surface of the glass with
the help of the rubber blade of the brush (3). At the same
time, the force distribution along the contact line can-
not be assumed to be uniform. The frame (2) consists of
movable links (rocker arms) that rotate on the respective
axes (dashed lines in Fig. 1) to ensure full adherence of the
blade to the glass surface. The rubber brush is clamped by
rockers, usually at 8 points (marked by triangles in Fig. 1),
through which concentrated forces are created on the rub-
ber blade. It is impossible to compensate for the point load
by selecting the appropriate stiffness of the wiper rubber
brush, as this parameter is provided by the R43 Rules. The
check can be performed by moving a brush over the surface
of a standard container with a width of 80 mm or using
other legally acceptable equipment. The main transverse
dimensions of the rubber brush (visualized solid model
in Fig. 2) are: the thickness of the blade (7) is 0.6 mm;
the height of the blade (1) and the rest of the brush (3) is
5 mm each; neck (2) — 0.5 mm. Index numbers and values
are taken from R43.




Fig. 2. R43 parameters of the cross-section of the wiper
brush: 1 =5mm; 2—0.5mm; 3—5mm; 7 — 0.6 mm

Mathematical modeling of the interaction of the wiper
with the glass surface (Fig. 3) can be carried out on the basis
of Winkler’s modified solution (model @ in Fig. 3) — a linear
elastic model. In the general case, it is a beam of infinite
length x with width B and variable bending stiffness EI(x)
with an external load diagram Q(x) and a single stiffness
parameter & (1):

Z::BS(x—xi)=Q(x)=

d'w(x) . M (x) d*w(x)
dx’ R} ¥’

= EI(x) +k-B-w(x), )

where P; is the point load from the wiper rockers on the
rubber blade (in this case, i=8, which corresponds to the
triangles in Fig. 1); 8(x—x;) is the Dirac delta function, and
x; is the location of the concentrated load (the load factor of
the windshield wiper rockers); w(x) is the vertical deflection
of the beam, m; M(x) is the moment along the beam caused
by the curvature of the glass, Nm; R, — radius of glass cur-
vature, m; EI(x)=FE(x)-I(x) — variable stiffness of the Eul-
er-Bernoulli beam, Pa-m?; B — beam width, m; # — hardness
parameter (subgrade modulus), N/m?.
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Fig. 3. Mathematical multilayer models: @ — Winkler;
b — Parsnip; ¢ — Kerr

E(x) represents the change in modulus of elasticity along
the arc length x, which may include effects such as increasing

or decreasing stiffness, etc. I(s) is responsible for the change
in moment of inertia along x, which takes into account
modifications of the cross-sectional area of the brush blade
due to the curvature of the contact surface of the wiper. The
rubber brush receives different stresses along its length (will
be confirmed in the results of the work), taking into account
the unevenness of its adhesion to the glass. Then I(x) for a
blade with cross section Bxh can be written as B(x)A(x)>/12.

Winkler’s approach takes into account the stiffness of
the frame of the windshield wiper with rockers, and not
their interaction during the shift, so it is advisable to refer
to the Pasternak model (2) based on the modified Winkler
model (1) (model b in Fig. 3):

M=

P3(x—x;)=Q(x)=Wi(x)+L(w), 2)

where Wi(x) are terms of the equation of the Winkler mod-
el (1); L(w) is an operator that takes into account interac-
tions during shear.

The surface of the glass and wipers are not rectilinear,
which was demonstrated in model 4 (Fig. 3) and described in
the modified Winkler model (radius of curvature R,). In real
cars, even R,#const (curvature is not constant). If we denote
the curvature of the surface by the function of the position
along the beam &(x), which takes into account the influence
of curvature on stiffness, then the Pasternak model (2) will
take the following form:

4 2
El[dd”;—gx)—zk(x)d;i—(ﬁ+ 2k(x)’ w(x)J+
+L(w)+k-B-w(x)=Q(x). 3)

The specified transient process with the functions &(x)
and w(x) (3) cannot be mathematically described by a dis-
crete state, and therefore it is necessary to resort to such
packages as Transient Structural (Ansys), which are able to
calculate the intermediate positions of the system. We shall
present other alternative mathematical models, for example,
the Filonenko-Borodich model — the continuity of individual
spring elements in the Winkler model with their connection
in thin elastic membranes under tension 7. The Hetenyi
model — an elastic beam that is subjected to only bending de-
formations and applies the bending stiffness D of the elastic
state. The elastic-plastic model (Rhines, 1969) and the Kerr
model (Kerr — model ¢ in Fig. 3), which is of greatest interest
to us. This is due to the fact that a regular windshield wiper
actually consists of two elastic layers: a frame with rockers
and a rubber brush with a blade. Thus, the wiper pressure p,,
on the glass surface can be found from the differential equa-
tion of the Kerr model in the following form (4):

2
kyw(x)+ ? -GVw(x)
p.= fk , @)
1+

ky

where &y is the elasticity of the frame layer (wiper with
rockers); k, — brush layer constant; G — shear modulus, Pa;
w(x) is the deflection of the framework layer (given that the
deflection of the brush is relatively smaller, its value can be
neglected, although this is an open topic for possible further
research), m; V2 is the Laplace operator.



Analysis was carried out for the most difficult case of
wiper operation, when the surface of the windshield was
curved, and the rubber blade had a straight profile. This is
possible when the moving links (rockers) of the frame of the
windshield wiper are frozen or acidified and blocked (do
not rotate on the corresponding axes). Then the entire
structure is immobilized, which often happens in winter,
off-road, or due to the age of the car. The following bound-
ary conditions were set in the Ansys Transient Structural
module (Fig. 4):

—rigid fixation of the “Fixed Support” of the curved
lower surface of the windshield (label C);

— zero displacement “Displacement” (label A) of the wind-
shield wiper frame along the Zaxis (parallel to the glass surface)
throughout the experiment (duration=1 s with 5 steps of 0.2 s);

— force “Force” (label B) from the spring (element 5
in Fig. 1) applied to the center of the windshield wiper frame
along the Y axis (perpendicular to the glass surface) with
a modulus of 24 N. This value is the iteration of previous
studies [17], the results which are not exhaustive from the
point of view of the margin for the maximum permissible
movements of the blade (1.5 mm according to R43);

— the length of the rubber blade is 0.5 m, and the coeffi-
cient of friction is 0.1;

— “Common glass”, “Neoprene Rubber”, and “Structural
Steel NL” materials with a non-linear stressed-strained curve;

— FE-mesh of the model consists of 14268 elements and
41913 nodes.

“
@ Force

W € Fixed Support

Fig. 4. Wiper boundary conditions in Ansys Transient
Structural

4.2. CFD analysis of the profile of the innovative
rubber blade

The idea of our technological advancement refers to
the “eternal” question: why do manufacturers of shaving

a

machines equip them with several blades? Why does this
not happen in the case of windshield wipers, which also
have blades, but rubber ones? The built SolidWorks mod-
el (model @ in Fig. 5) is a hybrid of a classic continuous
rubber blade with an additional row of individual micro
brushes located at an angle. Preliminary expectations of
efficiency are based on the idea that each such brush acts
like a broom, sweeping dirt from the glass surface on one
side and passing streams of water through the channels on
the other. Let’s test the latter hypothesis by simulating it in
the Ansys Fluid Flow module but before that, let’s familiar-
ize ourselves with the mathematical modeling approach and
the theory of computation. The windshield wiper washes
the volume of water V,, during one revolution ¢,, (model b
in Fig. 5) but the flow rate Q, will additionally depend on
kg — the coefficient of dynamism, because in the same time
t,o; the car travels a distance d,. In fact, k; determines how
many times V,, must be considered during ¢,,;. The param-
eter V,, itself is the area of the water sector A, multiplied
by the height of the water layer H,, according to the rain
intensity I.

The first theoretical approximation of the calculation
model Q,, (model b in Fig. 5) can be written in the form (5):

V.. AH, d
g Al 4
Qw ¢ d ¢

_(2(22—%)](1-%)( J

- 3 kLw cosa

rot

L, cosa

rot

010, (R -1)

2L cosa

)

where Q,, — water flow rate, m?/s; V,, — the volume of rainwa-
ter falling on the windshield sector, formed by the rotation
of the windshield wiper, m?; k; — coefficient of dynamism;
A, — sector area under V,, m? H,,; — height of the rainwater
sector, m; [ — rain intensity, m/s; R, r are the outer and inner
radii of the sector, m; 0 — sector angle, rad; L, — length of
the wiper rubber brush, m; #,,, — time of 1 rotation (pass)
of the windshield wiper, s; d, — displacement of the car
during t,o, m; v, — vehicle speed, m/s; a — angle of inclina-
tion of the windshield, °.

Taking into account the variability of the speed
of the vehicle v, and the intensity of rain I during the
time o, (5), it is advisable to switch to the integral form
of equation (6):

o)

2L, cosa 3

Q, 1(t)v,(¢)de. (6)

b

Fig. 5. Simulating the modified windshield wiper brush: a — solid model with an additional row of individual brushes
located at an angle; b — boundary conditions of the volume of the water sector



After determining the water flow rate Q,, (6), which the
wiper must remove in 1 pass during ¢,,, we proceed to the next
step — calculating the speed of water passing the profile of the
rubber blade. As you know, for a round pipe where the liquid
moves laminarly (in layers without turbulence), the Hagen-Po-
iseuille equation can be applied for a cross section with a com-
plex configuration and a variable area along the flow axis (7):

1
Yup :A_HPJ‘%dAHPr (7

where vpp is the velocity according to the Hagen-Poiseuille
equation, m?/s; Agp is cross-sectional area, m2.

More common is the Navier-Stokes equation, which is
the basis of hydrodynamics, describing the movement of a
liquid in three-dimensional space. Considering (6), for an
unsteady fluid flow, the determination of the velocity vf
along the windshield wiper brush (x-axis) according to the
Navier-Stokes equation (8) can be written as follows:

n o _Q,

p ox’ A(xt) ox’

%0, __oP
H ox? ox’

®)

where p is kinematic viscosity, m?/s; vy — liquid flow
rate, m/s; x — coordinate along the x axis, m; P — liquid
pressure, Pa; p — liquid density, kg/m?; n — dynamic viscosi-
ty, Pa-s; A(x,t) — cross-sectional area, m?.

When solving equation (8), several interrelated prob-
lems arose: A(x,t) is a variable not only with respect to

a

time ¢ (the cross-sectional area of the water flow along the
windshield wiper) but also with respect to the x coordi-
nate, which greatly complicates the solution of this equa-
tion. In addition, under real conditions, the movement of
water is not unidirectional, which increases the degree of
complexity of differentiation with respect to all axesx,
y, z (model a in Fig. 6). Thus, it seems appropriate to pro-
ceed to the CFD modeling of the water flow (model a in
Fig. 6), which passes by the innovative wiper blade with
separate brushes (model @ in Fig. 5). The blue lines (mod-
el a in Fig. 6) correspond to the cross-sectional profile
of the wiper blade, and the black lines correspond to the
volume of water under it. To simplify the calculation, part
of the length of the solid model of this volume of water was
simulated (model b in Fig. 6).

Let’s analyze the geometric parameters of the cross
section of the water flow volume (model a in Fig. 6):
Azconst is a stable value determined by the physical height
of the blade profile. It can fluctuate within very small lim-
its (0.1-0.25 mm max) due to changes in the pressure of the
windshield wiper on the glass, which was studied above in
chapter 4.1. A,#const is a variable parameter since the area
A(x,t) (8) depends on the rain intensity I, which was also
demonstrated in (6). In fact, A, is responsible for how much
water the wiper washes in 1 pass.

In the Ansys Fluid Flow model (Fig.7), the incoming
water flow with a speed of ©;=0.5 m/s corresponds to the
blue areas (face a in Fig. 7), and the outgoing water flow to
the red (face b in Fig. 7) with the A, area.

Fig. 6. The volume of water passing by the modified wiper blade with brushes: a — cross section of the volume of water (black
lines) under the blade (blue lines); b — part of the Ansys water volume model




Such boundary conditions already clearly demonstrate
the fact of changing the parameter A(x,¢) (8) in time and coor-
dinates. Boundary conditions of water: density, 998.2 kg/m?;
viscosity, 0.001003 kg/(m-s); the number of Ansys calculation
iterations, 500; the ambient temperature, 22°.

3. Results of investigating the mechanical contact and
hydrodynamic parameters of the double-row wiper

5. 1. Mechanical interaction of the windshield wiper
with the windshield

Analysis of the stressed-strained state of the windshield
wiper during contact with the curved glass has made it pos-
sible to establish the following results.

Modeling of the real operating conditions of the wind-
shield wiper cannot be completely replaced by the above
mathematical models, which is clearly visible in the uneven-
ness of the complete movements of the rubber blade along
its length (Fig. 8). Even Kerr’s model (4), which is closest in
terms of factors to imitation of natural behavior (4), is insuf-
ficient. It does not fully take into account the change in the
stiffness of the windshield wiper along its length — in fact,
the coefficients k; and & should be functions. Thus, the cal-
culated pressure on the surface (4) should be variable along
the length of the windshield wiper, which we can observe
from the results of the stressed-strained maps of the rubber
blade. The Mieses stress values are 0.112 MPa and are re-
corded in the central part of the blade (map a in Fig. 8). The
total displacements were 1.48 mm (map b in Fig. 8) at the
ends of the blade, which, despite the noticeable deflection,
did not reach contact with the glass.
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Fig. 8. Stressed-strained state of the windshield wiper:
a — stress according to Mieses; b — total displacements
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The Mieses stress map clearly shows the non-uniformity
of the pressure distribution from the blade to the glass surface

(the maximum value of 33.4 kPa is observed on map a, Fig. 9).
The maximum Mieses stress for the entire model in general is
104.75 MPa and is observed on the axes of the wiper frame
rockers (map b in Fig. 9). This is a fairly high value relative to
the yield strength (124 MPa for brass). The location of these
stresses is predictable since the established boundary condi-
tions (Fig. 4) provided for the jamming of the indicated axes
to simulate the most difficult case of operation.

Despite the linear growth of the external load on the
frame (Fig.4) during the experiment (1 s), the movement
and deformation of the blade in the selected locations (mod-
el a in Fig. 10) are completely non-linear. This is clearly
observed in plots b, ¢ in Fig. 10.
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Fig. 9. Stress maps according to Mieses: a — glass surface;
b — windshield wiper frame

In the process of further loading of the windshield
wiper frame, plastic deformations can be observed precise-
ly in the critical areas of the rubber brush. This is traced
under each of the specified 8 rocker arm clamps (model a
in Fig. 10), which correlates with mathematical modeling.
Such zones are subjected to the load Pi, which is included
in equations (1) to (3). The displacements increased to
1.82 mm (map a in Fig. 11), and the geometric shape locally
has a “cut” character. Plastic deformations will certainly
lead to the appearance of thin jets of dirt or water on the
glass under real conditions due to the distortion of the shape
of the blade (map b in Fig. 11). In some cases, the given local
changes in the shape of the blade may become irreversible,
which will require the driver to completely replace the wiper
rubber brush.

An increase in the load also leads to global deforma-
tions — the loss of the shape of the rubber brush with its
swelling in the space between the clamps and a lag of
more than 5.7 mm from the glass surface. The large gap



formed (map c¢ in Fig. 11) between the blade and the glass  significant deterioration of the driver’s visibility, especially
will inevitably lead to the appearance of a blind zone and a  under severe weather conditions.
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Fig. 10. Clamps with rockers: a — location points; b — displacement of point B; ¢ — deformations of point C
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Fig. 11. Complete movements of the windshield wiper brush: a, b — local (general and bottom view); ¢ — global (loss of shape)




5.2.Results of the analysis of the hydrodynamic Iy visible on the volumetric filling of model No. 3 (Fig. 13) — red
contact of a double-row rubber blade with a curved glass  clumps with local vortices (maximum values of velocity).
surface

Four calculation models were analyzed (Ta- velocit )
ble 1): No. 1 —a classic brush with a single-row V°'”Tj§7e;‘fg’1'"g‘
solid wiper blade and No.2-4 — models with an
additional row of individual brushes and a different
range of the parameter A,, which directly affects
the area of the outlet channel A, The criterion
for the efficiency of the windshield wiper brush 7.037e+00
was the maximum fixed speed of water flows vay.
Therefore, the faster the windshield wiper washed
a given volume of water in 1 revolution, the less
liquid and dirt remained on the glass surface.

Water flow simulations for different models in
the Ansys Fluid Flow module allow us to visually

1.056e+01

3.519e+00

0.000e+00
[ms*-1]

compare the velocity results (Fig. 12). Fig. 13. Visualization of speed by volumetric filling of model No. 3
@?'f#”i\%”’fﬁi@j@i@i fq,@*@ The distribution of the output velocity v, along the
O N AT o v 0" 07 AT o7 o

outlet plane (red region b in Fig. 7) with the area Ay is
shown in Fig. 14, and the values are indicated in Table 1.

Velocity

Table 1

Dynamic characteristics of different wiper blade
configurations in Ansys Fluid Flow

No.| Blade type | Ay, m | Aputter, > |04 t/5 | Omaxs 1/S | Doutter, t/5
1 | Flatblade | 0.007 |2.6244x107| 0.5 | 9.861 9.562
2 | With brushes| 0.007 | 2.6244x10% | 0.5 15.61 15.14
3 |With brushes| 0.009 | 3.5041x105 | 0.5 | 14.07 13.65
4 | With brushes| 0.011 | 4.3397x10°| 0.5 10.01 9.703
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Fig. 14. Velocity maps on the outlet plane A, of the blade
Fig. 12. Velocity results of Ansys Fluid Flow models: a — flat model: @ — flat; b — #2

single row; b — #2; c — #3; d— #4
From the given maps, it is possible to judge the distri-
Despite the visual laminar speed demonstration shown in  bution of velocities in the perpendicular plane of the wind-
Fig. 12, in fact water flows are partially turbulent. This is clear-  shield wiper and observe hydrodynamic trends.




6. Discussion of results of investigating the interaction
between the windshield wiper and the glass surface and
the hydrodynamics of the windshield wiper blade

Our research results, as well as those proposed by other
authors [17], show that the optimal average value of the force
of pressing the frame of the windshield wiper (2) by the spring
(5in Fig. 1) is »20 N. According to our results, it was estab-
lished that the loads should not exceed 24 N for this wiper con-
figuration. A lower load value may not ensure sufficient adhe-
sion of the wiper to the glass at the edges of the rubber brush in
extreme operating conditions. The rubber blade showed a total
displacement of 1.48 mm in the central part (map b in Fig. 8),
which is quite a high indicator. Judging by the R43 wiper blade
regulatory requirements (Fig.2), the maximum total move-
ment cannot exceed 1.5 mm since the height of the neck 2 is
only 1 mm. Thus, for the specified materials (“Neoprene Rub-
ber” and “Structural Steel NL”) and geometrical parameters of
the windshield wiper, the load value of 24 N is the upper limit
in the case of mechanical immobilization. The frozen state of
the rockers leads to an increase in Mieses stresses in their axes
up to 104.75 MPa (map b in Fig. 9), which is close to the yield
point of brass (c,,=124 MPa). The maximum value of pressure
(33.4 kPa) was also recorded in the contact spots of the wind-
shield (map «a in Fig.9), which correspond to the position of
the rocker arms. This value is not critical but during accidental
release of the spring-loaded wiper, it can increase several times
and lead to impact on the glass and the appearance of cracks at
low temperatures.

Further loading of the frame of the windshield wiper
was accompanied by the appearance of deformations of
two types: local and global (loss of the shape of the rubber
brush). Local ones are manifested in the form of movements
at the level of 1.82 mm (higher than the permissible 1.5 mm
according to R43) and the appearance of thin jets of dirt or
water on the glass as a result of cutting the blade. Global
leads to the loss of the shape of the rubber brush with its
swelling in the space between the clamps and the formation
of a gap of 5.7 mm between the glass and the blade (map ¢
in Fig. 11). This will certainly cause the appearance of a
blind zone and a significant deterioration of the driver’s vis-
ibility. Among modern passenger cars for masses, only the
Mercedes-Benz G-Class and Tesla Cybertruck models have
flat windshields, but on other cars the curvature and area of
the glass is constantly increasing with each new generation.
Our results of the distribution of pressure on stresses testify
to the solution of the problem of studying the interaction of
the windshield wiper with the curved surface of the glass. In
contrast to [2—10], in which variants of the absolute repeat-
ability of the curvature of the windshield wiper and the glass
surface are considered, the current research data demon-
strate the application of other possible cases of operation.

Among the considered mathematical models for calculating
the distributed load, the Kerr model turned out to be the clos-
est in compliance with the boundary conditions of full-scale
tests compared to Winkler’s or Pasternak’s solutions. A con-
ventional wiper actually consists of two elastic layers: a frame
with rockers and a rubber profile with a blade, which correlates
best with Kerr’s approach. The problem is that such a transient
process as the presented calculation case (an immobilized frame
pressed against a curved windshield) with functions k(x) and
w(x) cannot be mathematically described by a discrete state. It
is impossible by mathematical modeling to achieve such local

full displacements as 1.82 mm obtained using FEA in the An-
sys Transient Structural module (Fig. 11). Actually, this point
can be attributed to the so-called limitations and shortcomings
of our study from the point of view of its application in practice.
On the other hand, the proposed mathematical models could
serve as a basis for further theoretical research, which is a sub-
ject of scientific value because this approach is less resource-in-
tensive than FEA with its iterations.

The reviewed literature [2-10, 15-23] does not suffi-
ciently describe other variants of rubber blades, except for
the traditional single-row one. A variant of the rubber blade
with an additional row of individual brushes located at an
angle has shown useful practical results. With the same ini-
tial area A,uzer, the wiper blade with brushes No. 2 (Fig. 12)
provided 1.58 times higher speed v,,,x than in the case of the
classic single-row model No.1 (15.61 vs. 9.861 m/s). And
even with a 1.73-fold increase in water volume when going
from No. 1 to No. 4, the velocity values are almost the same.
This confirms the effectiveness of the design of the brushes
of the second row, which are used in No. 4 (Ayue in No. 1 is
2.6244 m? against 3.5041 m? in No. 4).

The proposed additional individual brushes act as turbine
blades, creating additional centrifugal accelerations of water
flows, which is clearly visible in the visualization of the vol-
umetric filling of model No.3 (Fig. 13). The distribution of
the output velocity vy along the outlet plane (red area of
model b in Fig. 7) with the area Ay, (Fig. 14) coincides with
the trend of the volumetric analysis described for vpax (@ourer is
15.14 m/s for model No. 2 against 9.562 m /s for No. 1). The fol-
lowing trend can be observed: the larger the value of A, (mod-
el a in Fig. 6), the more distant water flows in the discharge
plane (models d and ¢ in Fig. 12, 14). Thus, a 2-row blade model
is implemented — the first layer removes dirt, snow, and water
with separate brushes, and the second one finally cleans the
surface. Our results testify to the hydrodynamic analysis of the
proposed innovative blade. Studies [18—23] that considered the
CFD problem were focused on the flow of air currents around
windshield wipers but did not investigate the hydrodynamics of
windshield wiper blades. The limitations of our research on hy-
drodynamics are manifested in the coverage of possible combi-
nations of sizes and angles of inclination of individual brushes,
their distance from the main row and physical and mechanical
properties of rubber. To carry out multifactor modeling, it may
be necessary to build individual AT models for iterative predic-
tion of optimal combinations of the specified parameters. The
next step involves CFD verification of the results in the Ansys
Fluid Flow module and the construction of a physical sample
of the double-row blade, which requires financial costs for the
production of the prototype.

Our research may be advanced toward selecting optimal
configurations of rubber brushes for the second row: length
and thickness, angles of inclination and distance from the
main row, as well as rubber stiffness. The problems of combi-
natorics under conditions of multifactoriality belong to the
obvious difficulties of the current research: field testing of
physical samples is expensive while mathematical modeling
is time-consuming and insufficiently accurate. Perhaps it is
appropriate to involve AT with the construction of appropri-
ate mathematical models for the iterative search for the opti-
mal combination of indicators, both from the point of view of
hydrodynamics and the uniformity of pressure distribution.
This stage could be the next one, preceding the registration
of a patent for a utility model or invention.



7. Conclusions

1. It was established that the pressure value should not
exceed 30-50 kPa, and the external normal load on the
frame of the windshield wiper by the spring should not ex-
ceed 20-30 N. The blade of a conventional windshield wiper
was deformed by 1.48 mm under the action of a load of 24 N.
According to Rules R43, the maximum value of the full
movement cannot exceed 1.5 mm, therefore, for this wiper
configuration, the applied load is the maximum allowable.
Local pressure spots on the glass with a maximum Mieses
stress value of 33.4 kPa were obtained, which decreased
to zero at the ends of the windshield wiper, where a gap
was formed. Such an uneven load distribution significantly
reduces the area of windshield cleaning (to 40 %) and can
create water drainage between the specified spots. Under
the jamming mode of the rockers on their axes, the maximum
Mieses stresses are formed at the level of 104.75 MPa, which
is at the yield point of brass (124 MPa). Despite the linear
growth of the load to a maximum of 24 N within 1 s, the mag-
nitude of the complete movements of the rubber blade in the
places of the clamps under the rockers (Fig. 10) is non-linear.
Further loading of the wiper frame causes plastic deforma-
tions (local and global) in the vicinity of these clamps. The
total displacements increased to 1.82 mm, and the geometric
shape in this zone had a “cut” character (local deformations),
creating thin jets of dirt on the surface of the glass (Fig. 11).
Global deformations were manifested in the loss of the shape
of the rubber brush and the formation of a gap between it and
the glass (5.7 mm), which significantly worsens visibility
in bad weather. None of the analyzed models (Winkler or
Pasternak) can provide the magnitude of such plastic defor-
mation, as it does not take into account transient processes.

2. We have proposed a structure of a double-row blade
with separate brushes. With the same outlet area A, the
model No. 2 wiper brush demonstrated 1.58 times higher
speed v than classic single-row model No. 1 (15.61 vs.
9.86 m/s). The described design of the blade allows the

passage of a much larger volume of water at the same time.
With an almost two-fold increase in water volume between
models No. 1 and No. 4, the velocity values remained al-
most the same, which confirms the effectiveness of brushes
of model No. 4 (Ague in No. 1 is 2.6244 m? versus 3.5041
in No. 4). The output velocity distribution v, matches
the volumetric analysis trend described for v.y. This
means that the designed model of the blade is not inferior
in efficiency at the final stage of releasing the consumed
volume of water. The higher the value of A, (ranging from
0.007 to 0.011 m — model a in Fig. 6), the more distant
water flows in the outlet plane (model d in Fig. 12). At
the same time, the speed of the external flow also increas-
es (5.5-6.8 m/s for model No. 4).
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