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Abstract. The relevance of the study is due to the importance of preserving fruit products, the quality
of which is affected by mechanical damage to fruits during transportation, associated with specific
difficulties due to their substantial sensitivity to mechanical influences, so reducing the dynamic
impact on fruits requires improving the design parameters of special vehicles and recommendations
for their use. The purpose of the study was to conduct a comparative examination of the level of vertical
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accelerations of a trailer with balanced and unbalanced suspensions and prove the feasibility of using
the latter for fruit transportation. The influence of design parameters and operational factors of single-
axle trailers on vertical accelerations and their distribution in the energy spectrum of vehicle vibrations
during fruit transportation was assessed. Theoretical and experimental studies were conducted, and
a comparative analysis of vertical accelerations of two types of suspensions was performed. In the
course of theoretical research, a differential equation for estimating the level of vertical accelerations
was solved, considering the following factors: suspension type; balancer parameters; road profile
irregularities; radial deformation and tire stiffness; speed of the vehicle. An experimental evaluation of
vertical accelerations of a single-axle trailer with balanced and unbalanced suspensions was conducted
when transporting fruits in a garden on a dirt Inter-block road to confirm the results of theoretical
studies. The results showed that the RMS values of vertical accelerations in the operating speed range
that occur in trailers with unbalanced suspension are higher than in trailers with balanced suspension.
The dominance of harmonics of vertical vibrations in the range of 1.75-2 Hz was established, which
accounted for more than 55% of the power of the acceleration spectrum, which is crucial for assessing
fruit damage. It was experimentally proven that at an average transportation speed (about 20 km/h),
the level of vertical accelerations of a trailer with both suspensions did not exceed the permissible
level. The practical value of the work lies in the possibility of applying the results obtained in the
design and improvement of single-axle trailers for fruit transportation, which will help reduce product
losses and increase the efficiency of horticultural farms

Keywords: soil irregularities; vibrations; mechanical damage to fruits; differential equations; vertical
accelerations; amplitude-frequency characteristics

Introduction

The process of harvesting and transporting
fruits is one of the most labour-intensive pro-
cesses in horticulture, which accounts for
more than 30% of all costs for growing fruit
products, and at the same time, more than
15-20% of products are lost. The causes of
losses are known, but not fully understood
(Khalid et al., 2024). A substantial part of sci-
entists in their publications focus on logistics
research, timely execution and productivity of
vehicles (Lozova, 2019), and other studies are
aimed at reducing the loss of fruit products in
the process of logistics transportation (Stups-
ka et al., 2022). One of the most difficult tasks is
to reduce losses due to mechanical damage to
fruits, where an important role belongs to vehi-
cles. Reduced marketability and even spoilage
of apples are most often the result of incorrect
choice of packaging, type, and design of vehi-
cles and transportation conditions.

In many cases, the absence of roads with
hard and smooth surfaces and the tendency to
increase the performance of vehicles lead to in-
sufficient smoothness and leads to an increase
in the level of mechanical damage to products.
M. Al-Dairia et al. (2021) investigated the mech-
anisms of mechanical damage to apples during
harvesting and transportation, and proposed the
design of an experimental platform for testing,
accounting for dynamic load parameters. The
authors demonstrated that uneven movement of
cars on rough terrain is one of the key factors of
fruit damage. The study determined the relation-
ship between the intensity of vibrations and the
frequency of damage and also confirmed the need
to develop adaptive collection and transporta-
tion systems that consider mechanical loads.
B. Suleimani & E.Ahmadi (2021) analysed the ef-
fect of road conditions, suspension, and transport
speed on the level of vibrations transmitted to
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fruits during transportation. It is established that
the parameters of the road surface, in particular,
bumps, and the type of suspension of the vehicle
are the main factors determining the amplitude
and frequency of vibrations. This study confirmed
that insufficient smoothness when transporting
products on irregular roads substantially increas-
es the risk of mechanical damage to the fruit.
Insufficient smoothness of vehicles is associated
with a large number of external influences from
roads and their nature.

Damage to products is mainly affected by
two components: the characteristics of the cargo
(physical and mechanical properties of the trans-
ported product, the method of its packaging and
wrapping), and the characteristics of the vehicle
(body type and suspension). Thus, in the study
by D. Cigdem & M.S. Aday (2022), indicators that
characterise the smoothness of the vehicle were
evaluated depending on the speed of movement,
active accelerations, but their frequency distribu-
tion was not researched. Mechanical damage to
the fruit during transportation is caused by three
factors: co-impacts, compressive force, and vibra-
tion. In the paper of F. Han et al. (2023), the au-
thors presented that vibration accounts for half
to two-thirds of the total amount of fruit damage
during transport, but did not reveal the structure
of vibrations, nor did they perform frequency
analysis of the distribution of vertical accelera-
tions. Similar examination of the vehicles is giv-
en in a publication of X. Liu et al. (2022), where
it was confirmed that one of the most important
factors is difficult road conditions, when vehicles
make vibrations with accelerations, the value of
which reaches the limit of 3.5g (g - acceleration
of gravity), not specifying the type and parame-
ters of the suspension.

Transportation of fruits from the garden
is conducted by both general-purpose vehicles
(cars, tractor trailers) and special ones. |. Hazba-
vi (2013) found that the disadvantages of gen-
eral-purpose vehicles include excessive plat-
form height and insufficient smoothness, which
affects the increase in mechanical damage and

deterioration of fruit quality. For the most part,
special vehicles are single-axle trolleys with or
without balanced suspension, with low-pres-
sure tires and a wide profile. Their use allows
increasing the yield of standard products, fully
mechanising loading and unloading operations,
substantially improving labour productivity, re-
ducing material costs for containers, and pre-
serving the quality of fruit products. Trailers with
tandem axles are widely used. Their advantage
is evident in the case of heavy-duty vehicles. In
a study by B. Jarimopas et al. (2005), the use of
balanced suspension was explained by the high
permissible loads on running systems and the
fact that it absorbs various shocks well and, as a
result, provides for moving at an increased speed
on uneven roads. It remains unclear how the use
of a balancing suspension affects the level of
vertical accelerations and their frequency distri-
bution compared to an unbalanced one.

The study aimed to investigate the influ-
ence of the efficiency of using the balanced sus-
pension of a single-axle trailer with fruits on the
level of vertical accelerations and the feasibility
of using an unbalanced suspension in the pro-
cess of on-farm transportation. The goal of the
paper is to prove the feasibility of using a sin-
gle-axle trailer with an unbalanced suspension
for on-farm transportation of fruits with accept-
able oscillation modes.

Materials and Methods
In this paper, theoretical and experimental stud-
ies of vertical vibrations of a single-axle trailer
with an unbalanced or balanced tandem suspen-
sion are conducted. It is customary for a trailer
loaded with fruit to move along a dirt road at a
constant speed. Given that the trailer is a complex
oscillatory system, vertical accelerations were
taken as the main indicator of vibrations, which
most affect the mechanical damage to fruits dur-
ing their transportation (Khodaei et al, 2019).
For theoretical studies of vertical vibrations of
vehicles, a model with one degree of freedom
for moving over randomly located road bumps
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is adopted, considering non-sprung masses, the
impact of cargo, and tire stiffness (Martyshko &
Volyansky, 2018). An equivalent oscillatory system
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of a uniaxial container ship was used (Fig. 1) with
unbalanced and balanced suspensions to deter-
mine and analyse vertical accelerations.
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Figure 1. Equivalent single-axle trailer oscillation system
Note: a - unbalanced suspension; b - tandem balanced suspension: M - trailer weight shown; V - speed of
movement; Z - vertical movement of the reduced mass; ¢- total tire stiffness; g, and g, - value of the height of
unevenness under the front and rear wheels; d,, d,, d_ - balancer parameters

72"
Source: compiled by the authors

An experimental test of the dependence of
vertical accelerations on the speed of a container
ship with balancing and unbalanced suspensions
was conducted when transporting fruits along a dirt
road along the edge of the block in the garden of
the Institute of Horticulture of the National Acad-
emy of Agrarian Sciences to confirm the results of

theoretical research. Measurement and analysis of
vertical vibrations of the fruit trailer was conducted
using vibration measuring equipment of the com-
pany “Briiel & Kjaer”, Denmark (Fig. 2) according to
the methodology developed by the Forecasting and
Testing of Equipment and Technologies for Agricul-
tural Production named after Leonid Pohorily.

Figure 2. Measuring equipment “Briiel & Kjeer”

Note: a - for recording; b - frequency analysis
Source: compiled by the authors
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The frequency spectrum and vertical accel-
erations were analysed at the centre of mass of

the fruit trailer. A block diagram of the experi-
ments is shown in Figure 3.

Figure 3. Experiment flowchart: for recording and frequency analysis of container ship vibrations
Note: a - to record results; b - for frequency analysis; 1 - object of the experiment; 2 — accelerometer; 3 - cable;

4 - amplifier; 5 - tape recorder; 6 - RMS measurement device; 7 - frequency analyser; 8 - recorder

Source: compiled by the authors

The root-mean-square value was taken as
the indicator for estimating vertical accelerations,
from a known dependency (Kalchenko et al.,, 2017):

a= fTi [} a2(t) dt, 1)

where a (t) - acceleration from time t; T, - time
averaging.

Accelerometers 4370 were used, the sensitiv-
ity of which was 10 pC/m.s? to measure the os-
cillation parameters. Oscillation signals from the
accelerometer were sent to the frequency ampli-
fier, the lower filter limit of which was 0.25 Hz,
and the upper limit -=1000 Hz. After amplifica-
tion, the signals were recorded on a 4-channel
tape recorder and then fed to an RMS amplifier.
The oscillation level was recorded in the maxi-
mum value saving mode. The spectral distribu-
tion of accelerations in the frequency spectrum
was measured using a frequency analyser in the
frequency range 0...100 Hz. The filter bandwidth
is 0.25 Hz. The averaged frequency spectra were
recorded by a frequency analyser and recorded on
frequency-granular paper, where accelerations
were denoted in decibels relative to the condi-
tional zero acceleration level a,=3 x x10"*m/s?.

Results and Discussion

Given that road bumps are random in nature, they
were considered one-dimensional: in the longitu-
dinal direction, ignoring the probability of move-
ment of the left and right wheels in different
profiles. With this assumption, there are no lateral
vibrations of the trailer since the change in the
micro-profile of the cross-section of the field is
usually insignificant, and the track of the unit is
not wide. The correlation function for the height
of road surface irregularities was taken from the
study by M.I. Karbovanets & V.Y. Lazur (2019) ac-
cording to the formula:

K (O)=De<", @)

where [1 - variance of inequalities; @ - coefficient
that characterises the attenuation of the func-
tion; [ - correlation interval. The field profile is
defined by the equation:

g=h(1-eh, 3)
where g - flow value of the inequality height; h -

the limit to which the height of the inequality is
directed. It is assumed that the ordinates of the
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heights of inequalities are distributed according to
the normal law, then the largest of them are direct-
ed to the value 6o, where ¢ - the mean square of the
heights of inequalities (Martynenko & Yuryk, 2008).
The considered movement of the system (Fig. 1a)
around the point O, with the assumption that the
displacement of the reduced mass M of the oscilla-
tion system occurs in a vertical straight line since
the longitudinal base of the trailer B is substan-
tially higher than the height of the bump h. In this
case, the motion of the system is described by the
differential equation in general form:

MZ+c(Z-q)=0, “4)

where Z - vertical movement of the reduced
mass; ¢ — total tire stiffness. Inelastic resistance
forces in tires were disregarded.

If the possibility of lifting the wheels from
the support surface is not accounted for, it can be
assumed that there is a condition:

f=(Z-a), ©)

where f- flow value of the radial strain of the tire.
Then, the equation of motion can be written
in terms of the radial deformation of the tire:

MF+ cf=-Ma. ®)

It is considered that:

w= |~ (7)

M’
where w - the natural frequency of vibrations of

the system, then the equation of motion will ac-
quire a more convenient form for analysis:

fro’f=-q ®)

After double differentiation of equation (3)
over time t, given that [=vt, and substituting the
result in expression (8), the forced motion equa-
tion of the system will have the form:

frw?f=ha?vie . )

Martishko et al.

Equation (9) was solved for the steady-state
oscillation process, yielding:

f= ha?v?
w?+a?v?

av .
(Z sinwt — coswt). (10)
Considering condition (8), the vertical accel-
eration of the system (trailer at the driving point)
was found at the known values of its components:
. 2,,2,.2
7= ha*v*w

(coswt - %sinwt). (11)

240212

Thus, from expression (11), the vertical accel-
erations of a trailer depend on the size of road ir-
regularities, the speed of movement,and the natu-
ral frequency of vibrations. Further, the features of
vertical vibrations of vehicles with balanced sus-
pension were considered (Fig. 1b). The parameters
and assumptions were the same as without it, with
the difference that the signals from the wheel are
different, and therefore their effect on the overall
axis of the balancers is not the same. The moment
of inertia of the balancers relative to the sus-
pension oscillation axis was not considered. The
effect of road bumps on the axle of a car with a
balanced suspension can be recorded as follows:

__4 dq
1= ga, 1 aea, 12

(12)

where d,, d, - balancer parameters; q,, g, - val-

ue of the height of unevenness under the front

and rear wheels. If the balance beam arms are the

same, then:
1

dy=d, = Edﬁ, (13)

The road roughness function that affects the
car’s axle will look like:

1

q(t) = 3[q:(0) + q2(O)]. (14)

The equation of motion of the system, written

in terms of radial deformation of the tire, has the

same form as for unbalanced suspension (8). Con-

sidering the symmetry of the suspension scheme,
including the fact that the speed of the trailer

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 3
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remains constant during overcoming the bumps,
the road profile can be set by the expression:
q= h{l _ % [e=all + e—all*l]}_ (15)
After double differentiation of equation (9)
over time, and also considering that ['=v (t-t,),
where t° - difference in time when the wheels hit
a given bump (g), and substituting the obtained
value into the equation of motion of the system
written through the radial deformation of the tire,
the following is obtained:

ha?v?

fro’f=

[e—avt + e—av(t—to)]' (16)

The solution of such an equation by con-
ventional methods is quite complex. This is eas-
ier to do using operational computing. The task
is simplified assuming that after hitting the first
inequality after 2t,, the wheels of the trailer will
again run over the same unevenness, after 4t -
over the third, etc. Impact g (tf) will be periodic
with a period of £, starting from the moment ¢,=0
when the front wheels of the trailer, moving on a
flat road, touch bumps. The assumption is formal
in nature since the following inequality does not
affect fluctuations during the first 2t,, when the
previous bump is overcome. In this case, equa-
tion (16) has the form:

fra’f=AlgO)+q(t-t)+q(t-2t)+-], (17)

where ¢ (1), g (t-t,), q (t-2t))... - corresponding unit
functions; 4 = %hazvz. To solve equation (17),
the Laplace-Carson transform and the delay the-
orem are applied. The function and its derivatives
have the form (Massalitina, 2017):

f= <p(p).2—’: = pe(®) — pfo.
‘i—f = p2p(p) = p*fo — pfo- (18)

Provided that at the initial moment t=0, the
left side of equation (16) will be as follows:

fro’ f=o(p) (p*+w) (19)

To obtain the right-hand side, it is noted that,
according to the delay theorem, the image of a
piecewise continuous unit function takes the form:

qt-t)=e, (20)

Therefore, the right side of equation (20) has
the form:

Alg)+q(t-t)+q(t-2t)+-]=

=A(L+e Pote Wot...), 1)
Thus,
9 (p) PP+ ) =A(L+erore it (22)
Therefore:
o) = #(1 +e7Plo + g7 %Pl 4 ...), (23)

To return to the original expression and ap-
ply the delay theorem, the following result is ob-
tained:

4
p2+w?

A
w2+a?p?

(1 + e Plo 4 g—2Pto0 4 ) =
*{1-coswt+[1-cosw(t-t, )]+

+[1-cosw(t-2¢t)]+}. (24)

Flow value of radial tire deformation:
ha?v?

f = 2(w2+a?v?)
*{1-coswt+[1-cosw (t-t)]+

+[1-cosw (t -2t )]++-}. (25)

According to expression (5), the vertical dis-
placement of the reduced mass has the follow-
ing form:

ha?v?

Z=NK {1 - % et + e_W(t_tO]} t o rarv?)
x {1 -coswt+[1-cosw (t-t; )] +

+[L-cosw (t-2t, )]+, (26)

After twice differentiating the displacement
by time , the vertical acceleration of the system

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 3



at the driving point is obtained. For steady-state
fluctuations, it has the form:
ha?v?w?

Z = Naorrars?) [coswt + cos(t — ty)].

(27)

Based on the results of theoretical studies, it
is established that the vertical vibrations of vehi-
cles with a balanced suspension are slightly less

than those with an unbalanced suspension (Fig. 4).

Zm/s2
-

2.8 —

b b

-
24 $ =
P

2.0

1.6 %
1.2 //'

6 8 10 12 14

0.8

16 V.km/h

Figure 4. Dependence of vertical accelerations on

the speed of the unit if w=6rad/s,=0.175m,a=1m
Note: o - with unbalanced suspension; @ - with
balanced suspension

Source: compiled by the authors

The difference depends on the length of the
balancer , (the larger , the smaller the vertical
fluctuations will be). Since the length of the bal-
ancer is limited, the vertical vibrations differ lit-
tle. The results of experimental studies and their
analysis confirmed the random nature of changes
in vertical accelerations over time (Fig. 5).

7.m/s?

i
|

A

M
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R

L

0 1 2

W
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Figure 5. Nature of changes in vertical

accelerations over time
Source: compiled by the authors
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In the process of moving a trailer with
both types of suspension on a dirt road in the
Garden on an inter-block road, vertical accel-
erations depending on changes in the speed
of the unit from 6 to 24 km/h and were: bal-
anced suspension in the range of 0.7...2.1 m/
s, and unbalanced - 1.1...3.4 m/s%. In both
suspensions, the maximum RMS acceleration
values did not exceed the permissible values
of 9.8 m/s? (Fig. 6)

Z. /s
4.5

4
3.5

3 A
2.5 2.5 / 128
yd

2.0
&
1 AL
0.5767 V.km/h
6 12 18 24

Figure 6. Changing the vertical accelerations
of the fruit trailer while driving, depending
on the speed of movement suspension type:
Note: & - unbalanced suspension; m - balanced
suspension
Source: compiled by the authors

As a result of the analysis of the frequen-
cy spectrum, the dominance of harmonic com-
ponents at low frequencies of 1.75 Hz...2 Hz,
5...5.5 Hz, and 12.5 Hz was established. At sub-
sequent harmonics, the increase in acceleration
is insubstantial, and starting from a frequency
of 20 Hz or more, this phenomenon was not
observed. It was established that regardless
of the type of suspension and the speed of the
trailer, harmonics in the range of 1.45 Hz 5 Hz
predominate. (Fig. 7).
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Figure 7. Spectral distribution of vertical accelerations

Source: compiled by the authors

The transition from the logarithmic scale in
decibels (DB) to natural acceleration values was
estimated by the formula:

a

N[dB] =20 lg a_o’ (28)

where N-numberofdecibels;a, = 3 X x10‘4sﬂz—

zero level; a - the numerical value of the interme-
diate acceleration is expressed in m/s?.

In the energy spectrum of frequencies, the
highest level of vertical accelerations is present
at the harmonic of 1.75 Hz...2 Hz, while the rest
have lower accelerations. When the unit with
a balanced suspension is moving at a speed of
V=24 km/h, the total level of vertical acceleration
is 3.4 m/s?, and at a frequency of 2 Hz - 1.9 m/s2.
In this case, the main harmonic accounts for:

1.9
3, 100% = 55.8%. (29)

Comparing the spectra of vertical accelera-
tions, the largest of them are at a frequency of
2 Hz and make up 55.8% of the full spectrum.
When choosing the technological speed of a sin-
gle-axle trailer with fruits, it is necessary to focus
on the first harmonic, which accounts for approxi-
mately half of the power of the spectrum.

Examinations of vibrations of a single-axle
trailer confirm the random nature of the change
in vertical acceleration (Fig. 5). In this paper, an
analytical method for calculating vertical acceler-
ations is developed, considering the reduced mass
of the trailer (M), the speed of movement (V), verti-
cal displacement of the reduced mass (2), total tire

stiffness (with), the height of irregularities (g), and
the dimensions of the balancing and unbalanced
suspension (d). The obtained equations for calcu-
lating vertical accelerations allow focusing on the
choice of operating speeds, considering the per-
missible operating accelerations. This approach is
fundamentally different from the model of X. Liu et
al. (2022), in which vibration analysis was based
mainly on the assessment of internal damage to
fruits by the finite element method under static
load conditions. In the proposed study, a system of
equations is developed that allows quantifying the
influence of dynamic factors already at the level of
the trailer design, which allows not only assess-
ing the risks of cargo damage but also reasonably
adapting kinematic driving modes.

In real-world conditions of fruit transporta-
tion, the vertical acceleration of the trailer de-
pends on the accepted theoretical calculations
along with other factors. The paper shows that
the distribution density of random factors has a
spectrum either in the form of a wide band or in
the form of several narrow ones (Fig. 7). Thus, to
assess possible mechanical damage to the fruit, it
is necessary to simulate the transportation pro-
cess, considering the frequency of vibrations.

The data obtained as a result of the study
confirm that the type of suspension of a sin-
gle-axle trailer does not substantially affect the
level of vertical vibrations, which are the main
cause of mechanical damage to fruits during
transportation. As demonstrated by EJ. Timm et
al. (1996), the use of a balancing suspension
can slightly reduce the intensity of fruit damage

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 3



compared to an unbalanced one, as it better
dampens dynamic loads that occur on uneven
road surfaces. These results are also supported by
the paper of Van Zeebroeck et al. (2007), which
showed that the most critical factor in apple
damage is the pulsed forces transmitted through
containers as a result of vibrations and shocks
during transportation. In the current study, sim-
ilar conditions were modelled for different sus-
pension types, and the acceleration level in the
frequency range of 1.5-3.5 Hz was found to corre-
spond to the highest level of vertical acceleration,
regardless of the suspension type.

In addition, according to the review of
M. Al-Dairi et al. (2022), mechanical damage re-
ceived during transportation is one of the main
causes of loss of presentation of products, and
their number and magnitude increase more with
uneven road surface and higher speed than with
the type of vehicles. The present study confirms
these conclusions: the level of vertical accel-
eration when using an unbalanced suspension
exceeded 0.7 g, while when using a balancing
suspension, it did not exceed 0.45 g under sim-
ilar conditions. B. Suleimani & E. Ahmadi (2015)
proved that the quality of the road surface, the
speed of transportation, and the type of suspen-
sion form the overall oscillatory load on products.
Analysis in the current study shows that at speeds
up to 24 km/h, both balanced and unbalanced
suspensions provide an acceptable level of accel-
eration. Therefore, the use of structurally simple
suspensions, but with sufficient shock-absorbing
properties, is an important direction for adapting
vehicles to agricultural conditions.

The practical value of this study increases in
the context of simplifying the design of trailers
for on-farm use. The data show that when driv-
ing at speeds of up to 20-24 km/h, even an un-
balanced suspension can provide an acceptable
level of vertical acceleration that does not exceed
the thresholds specified in works S.J. Pretorius &
W.J. Steyn (2012). This enables the reduction of
the cost of technical means without compromis-
ing the quality of fruits during transportation,

Martishko et al.

which is also confirmed by V.M. Martyshko et
al. (2012) on the feasibility of simplified suspen-
sion designs. The results obtained are logical-
ly confirmed in previous studies with a similar
subject focus. Researchers A. Harrison & R. Van
Houck (2008), in the context of transport logis-
tics of agricultural products, noted that reducing
the intensity of vibration loads in systems with
adaptive or air suspension not only reduces the
risk of fruit damage, but also increases the over-
all efficiency of logistics chains, especially at the
stage of primary transportation from the producer
to sorting points. A similar pattern was demon-
strated by an experiment of T. Acican et al. (2007),
which shows that when transporting apples in
wooden boxes, the amplitude of vibrations on
uneven surfaces causes substantial mechanical
damage due to resonant effects, which can be mit-
igated by changing the stiffness of the supporting
elements. B. Soleimani & E. Ahmadi (2015) stat-
ed that it is the type of vehicle suspension that
is the fundamental factor determining the level
of transmitted vibrations: particularly, pneumat-
ic systems demonstrate the ability to adapt to
changes in speed and type of road surface, pro-
viding a reduction in vibration intensity of up to
27% compared to their mechanical counterparts.
The correlation of the above results with those
obtained in this study indicates the universality
of the effect of reducing vibrations due to the
introduction of air suspension, which confirms
the feasibility of its use in the conditions of fruit
transportation on a mixed roadbed.

Thus, the results of the study confirm the
need to consider the dynamic parameters of the
suspension when designing trailers for on-farm
fruit transportation. Optimisation of suspension
types can be a pivotal factor in preserving the
quality of agricultural products when transported
from the field to primary processing or storage
points. In this paper, on the example of fruit trans-
portation by a single-axle trailer with a balanced
suspension, it is proved that the spectrum of the
greatest vertical accelerations falls on two lanes
that require the most focus in the case of a safe
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speed of movement. The possibility of using an
unbalanced suspension is confirmed.

Conclusions
The suspension must ensure acceptable smooth-
ness of the vehicle at different speeds, on roads
with different surfaces. Smoothness of movement
is determined by the value of RMS accelerations.
It was established that the vertical accelerations
of vehicles with a balanced suspension are less
than those with an unbalanced suspension. The
difference depends on the length of the balancer,
the larger it is, the smaller the vertical acceler-
ations will be. Since the length of the balancer
is limited, the vertical vibrations differ little.
The spectrum of vehicle vibrations is dominated
by vertical accelerations at low frequencies of
1.75...12.5 Hz, and the largest of them at frequen-
cies of 1.75...2 Hz. The predominant harmonic
components are in the range of 1.45 Hz...5 Hz. If

simplify and reduce the cost of the design of a
single-axle trailer, it is permissible to use an un-
balanced suspension. It is advisable to use a bal-
anced suspension only in cases where, based on
the permissible loads on the axle, it is necessary
to install more than two wheels. If two wheels
can withstand the load, then, for reasons of sim-
plifying the design of the vehicle, it is suggested
to use an unbalanced suspension.

Further research should be aimed at selecting
the speed of fruit transportation, both accounting
for the characteristics of road bumps and suspen-
sion shock absorption properties, and considering
the natural frequency of vehicle vibrations. It is also
necessary to assess the natural frequency of vehi-
cles with fruits to avoid the phenomenon of res-
onance, which occurs when the natural frequency
coincides with the road caused by its roughness.
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AHOTaLifl. AKTyanbHiCTb OOCNIOXKEHHS 0OYMOBNEHA BaXX/MBICTIO 30epexKeHHs MIoJoBOi MpoayKLuii,
Ha SIKiCTb KO BMAMBAIOTb MEXaHiYHi MOLIKOMKEHHS MOAIB Mif 4ac TPaHCMOPTYBaHHS, MOBA3aHi i3
cneundiyHUMK TPYAHOLWAMM Yepe3 iX 3HAYHy YYTIMBICTb A0 MEXaHiYHUX BM/MBIB, TOMY 3MEHLUEHHS
AMHAMIYHOT [ii Ha nNnoaM BMMArae YAOCKOHANEHHS KOHCTPYKTMBHMX MapaMeTpiB crneuiafbHUX
TPaHCNOPTHUX 3acobiB Ta pekoMeHAaLiM LWoAo iX BMKOpUCTaHHA. MeTtol pobotn Byno nposectu
NOPIBHANbHI  AOCNIIKEHHS piBHA BEpTMKANbHMX MNPUCKOpPEHb npuyena 3 6GanaHCMpHOW Ta
6e36anaHCUPHOI MifABICKAMKM Ta [LOBECTM [AOLINBHICTb BMKOPWUCTAaHHA OCTaHHbOI ANS NepeBe3eHHs
nnogis. [locnifixeHo BNAMB KOHCTPYKTMBHMX NapaMmeTpiB Ta eKcnnayaTauiiHux (akTopiB OOHOBiICHUX
npuyeniB Ha BepTUKanbHi MNPUCKOPEHHS Ta iX pO3NOAIN B €HEepreTMYHOMYy CnekTpi KONMBaHb
TpaHCMOpTHOro 3acoby npu nepeBe3eHHi OpykTiB. [lpoBeAeHO TeopeTUYHi Ta eKCnepuMeHTanbHi
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LOCNIMKEHHS | BUKOHAHO MOPIBHSANbHUIA aHani3 BepTUMKaNbHWX NPUCKOPEHb ABOX TWMiB NiaBicoK. B
XOAi TEOPETUUYHUX AOCNIAXKEHb PO3BM3aHO AndepeHLianbHe PiBHAHHS ANS OLIHKM PiBHA BEPTUKANbHUX
NMPUCKOPEHb 3 ypaxyBaHHAM HAcTynHUX GaKTopiB: TMNY MiABiCKM; NapameTpiB 6anaHcMpa; HepiBHOCTEN
npodinto fgoporu; pagianbHoi Aedopmalii Ta XXOPCTKOCTI WKWH; WBMAKOCTI TpaHCnopTHoro 3acoby. [ing
NiATBEPIKEHHS pe3ynbTaTiB TEOPETUYHUX [OCNifKeHb Gyna npoBeAeHa eKCrnepuUMeHTaslbHa OLiHKa
BEPTUKANbHWX NPUCKOPEHb OAHOBICHOIO Npuyena 3 6anaHcoBaHo Ta 6e36anaHCMpHOLO NigBickaMu npu
nepeBe3eHHi MIOAIB Y Cafy NO PYHTOBIN MiXKBapTanbHi 40po3i. Pesynbtat AOCNioKEHHS NoKasanu,
WO CepefHbOKBALPATUYHI 3HAYEHHS BEPTUKANIbHUX NPUCKOPEHb Y Aiana3oHi poboumx LWBMAKOCTEN AKi
BMHMKANM y npuyenis 3 6e36anaHCHPHOI0 NiABICKOK BULLi, HiX Yy npuyeniB 3 6anaHCUMPHOK NiABICKOL.
BcTaHOBNEHO [OMiHYBaHHS rapMOHiK BEPTUKaNbHUX KOAMBaHb B Aiana3oHi 1,75-2 T, Ha gki npunagae
noHag 55 % nNOTYXHOCTi cnekTpa MPUCKOPEHb, WO € BW3HAYaJbHUM AN OLIHKM MOLWKOOXEHHS
nnopis. EkcnepvMeHTanbHO [OBeAEHO, WO NpW CepefHii LWBMAKOCTI TPaHCMOPTYBaHHS (61M3bKO
20 kM/rop), piBeHb BepTUKanbHMUX MNPUCKOPEHb Mpuyena 3 ob6oMa NiaBiCKaMM He nepeBuLLyBaB
LONyCTUMUIA piBeHb. lpakTMyHe 3HaYeHHS pobOTM MONSrae B MOX/AMBOCTI 3aCTOCYBaHHS OTPUMAHMUX
pe3ynbTaTiB NpY NPOEKTYBAHHI Ta YAOCKOHANEHHI OAHOBICHMX MpUYeniB AN nepeBe3eHHs NA0AIB, WO
CNpUSTUME 3MEHLLEHHIO BTPAT MPOAYKLi Ta NiABULWEHHIO e(heKTUBHOCTI pob0TH CafiBHUUYMX rOCNOAapPCTB

KniouoBi cnoBa: HepiBHOCTI FPYHTY; KONMBAHHS; MEXaHIYHi MOWKOMKEHHA Moaie; AudepeHLianbHi
PiBHAHHS; BEPTUKAbHi NPUCKOPEHHS; aMNAITYAHO-YACTOTHI XapaKTepPUCTUKK
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