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DEVELOPMENT OF LEVER-VANE SHOCK ABSORBERS
WITH ENHANCED FUNCTIONAL CAPABILITIES USING
GRAPH THEORY
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BUMOTH HOTPeOYIOTh aJbTEPHATUBHUX POOOYNX XapaKTEPUCTHK, W0 HE Peasli3yIoThCs TPAIHUIIHHUMU TACHBHAMH KOHCTPYKIISIMA. AKTHBHI
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MIACHBHHX TiJPaBIIYHAX aMOPTH3ATOPIB i3 PO3MIMPEHUMH (YHKI[IOHAIBHIMH MOXIHMBOCTSIMU. Y POOOTI 3aIIPOIIOHOBAHO METOX CHUHTE3Y
HOBOTO Ba)KIIbHO-JIOIIATEBOTO aMOPTH3aTOpPa Ha OCHOBI MOAU(IKOBaHMX KiHEMaTHYHUX TIpadiB, 0 3ade3nedye NpsMHIl 3B S30K MiXK
MepeMiLICHHsIM PYXOMOT0 eJIEMEHTa Ta POOOUOI0 XapaKTEePHCTUKOI. Po3pobiieHo 1Ba BapiaHTH KOHCTPYKIIi i3 JOAATKOBUMH MEXaHIYHUMH
KOHTYypaMH YIPaBJIiHHS y BHIJIIAI MIapHIPHO-BaXIIBHUX 200 KyJIauKOBHX MexaHi3MiB. MognemroBaHHs Ta 3D-KOHCTpYKTOpCEKa peai3ariis
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1. Sydorenko, V. Kurhan, V. Kurhan, A. Toropenko, 1. Liubachevska. Development of Lever-Vane Shock Absorbers with
Enhanced Functional Capabilities Using Graph Theory. In modern transport engineering, torsion bar suspensions are widely used due to
the efficiency of torsion bars, which operate under torsion. Since they only store and release elastic energy, energy dissipation is particularly
important, traditionally provided by hydraulic shock absorbers that reduce vehicle body oscillations and improve ride comfort. Modern
suspensions include piston and gas shock absorbers with translational motion, as well as lever-vane shock absorbers with rotational motion.
Existing shock absorbers exhibit force—velocity characteristics; however, current requirements demand alternative operational characteristics
that conventional passive designs cannot achieve. Active damping systems can provide such characteristics, but their high cost and energy
consumption limit practical use. Therefore, the synthesis of passive hydraulic shock absorbers with enhanced functional capabilities is highly
relevant. This work proposes a method for synthesizing a new lever-vane shock absorber based on modified kinematic graphs, enabling a
direct relationship between the displacement of the moving element and the operational characteristic. Two design variants were developed,
incorporating additional mechanical control loops in the form of hinge-lever or cam mechanisms. Modeling and 3D design implementation
confirmed the operability of the designs, the ability to achieve various nonlinear operating characteristics, and the effectiveness of damping
control compared with conventional shock absorbers. Comparative analysis showed that Variant A exhibits smaller torsion angles and
direction-dependent damping, while Variant B has larger angles and direction-independent damping; both variants provide an optimal
balance between functionality and manufacturing complexity.

Keywords: torsion bar suspension, lever—vane shock absorber, hydraulic damping, modified kinematic graph, nonlinear working
characteristics, mechanical control loop

1. Introduction

In modern transport engineering, torsion bar suspensions are widely used. The main working elements
of such suspensions are torsion bars-elastic rods operating under torsion. Traditionally, torsion bar suspen-
sions are used in armored vehicles and automotive engineering, where torsion bars serve as both primary
elastic elements and auxiliary devices, such as anti-roll bars that reduce vehicle body roll.

Since a torsion bar performs only the function of storing and releasing elastic energy, the issue of en-
ergy dissipation in suspensions incorporating torsion elements is of particular importance. Historically, this
problem was first addressed by installing hydraulic shock absorbers in parallel with torsion bars, which
effectively eliminated the vehicle body’s tendency to longitudinal oscillations and significantly improved
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ride comfort. At present, in addition to conventional hydraulic piston and gas shock absorbers characterized
by translational motion of the moving element relative to the housing, lever-type hydraulic shock absorb-
ers-both piston and vane types-are also widely used in torsion bar suspensions. These devices are charac-
terized by the rotational motion of the moving element relative to the housing.

Existing hydraulic shock absorbers generally implement force—velocity characteristics compris-
ing digressive and regressive regions, associated with throttling and throttle-valve operating modes.
However, increasing demands for dynamic performance in vehicle suspensions require the realization
of alternative target characteristics that conventional passive shock absorber designs cannot achieve
due to their limited functional capabilities. Although active damping systems can provide such charac-
teristics, their high cost and additional energy requirements make them practical only for specialized
or high-value applications. In this context, the synthesis of passive hydraulic shock absorbers with en-
hanced functionality to meet the required target characteristics is a relevant scientific and applied re-
search problem.

2. Literature analysis

Analysis of published studies on the dissipative elements of torsion bar suspensions shows that
piston-type hydraulic shock absorbers are the most widely used, accounting for approximately 70% of
cases, while lever-type shock absorbers are applied in about 30% of cases [1, 2]. This distribution is
largely explained by the well-established designs and manufacturing technologies of piston hydraulic
shock absorbers, as well as their versatility and generally acceptable performance characteristics.

In certain torsion bar suspension configurations, however, the use of piston shock absorbers is
impractical due to large dimensions and packaging constraints. In such cases, more compact and struc-
turally simple lever-piston or lever-vane hydraulic shock absorbers are employed. According to [3, 4],
these devices are particularly suitable for vehicles with stiff suspensions and relatively low operating
speeds. The shock absorbers may be single- or double-acting, with horizontal or vertical housing ori-
entations, within which pistons or vanes are moved via lever mechanisms [5, 6].

Despite design differences, these devices operate on similar physical principles. The literature
shows that existing lever-type and piston-type hydraulic shock absorbers generally exhibit throttle-
valve-type force-velocity characteristics. Differences mainly relate to the slopes of the regressive and
digressive segments and the location of the inflection point, which are determined by the geometric
dimensions of the throttle orifices and valve adjustments.

Recent studies have also focused on applying graph theory and structural synthesis methods to
the design of mechanical and damping systems. In particular, works [7, 8] propose algorithms for the
automated generation of new mechanism structures using graph-theoretical approaches, enabling effi-
cient synthesis of complex multi-link systems while avoiding isomorphic (repeated) configurations.
Research [9] investigates methods to optimize lever mechanisms in passive shock absorbers to im-
prove vibration-damping efficiency. The study [10] is devoted to the development and improvement of
vane-type hydraulic dampers designed for high-load applications. In [11], a unified graph-based mod-
eling approach for hydraulic-mechanical coupled systems is proposed, enabling the simultaneous de-
scription of mechanical and hydraulic interactions within a single mathematical model. Paper [12]
considers the topology synthesis of integrated lever-damping systems using weighted graph represen-
tations to achieve required force—velocity characteristics while maintaining compact design. Further-
more, study [13] addresses the structural synthesis of multi-link suspension systems, using graph iso-
morphism algorithms to generate and analyze new suspension mechanism configurations.

3. Purpose of research

The purpose of this research is to develop a fundamentally new lever-vane hydraulic shock ab-
sorber with enhanced functional capabilities, capable of achieving target force-velocity characteristics
that differ from conventional throttle-valve profiles. Traditional hydraulic shock absorbers, including
lever-vane types, are limited in their ability to realize alternative working characteristics due to the
constraints of standard pressure-based control methods.

This study focuses on controlling the shock absorber characteristics based on the displacement of
its moving element relative to the stationary housing, rather than solely on pressure in the working
chamber. This approach allows the establishment of a direct functional relationship between the shock
absorber’s operational diagram and its resulting force-velocity characteristic.

The research aims to synthesize a lever-vane hydraulic shock absorber whose design enables pre-
cise adjustment of working characteristics, thereby extending the functional potential of passive damp-
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ing systems and optimizing performance to meet specific operational requirements in torsion bar sus-
pensions.

4. Research method

For the synthesis of the proposed device, the modified kinematic graphs method is employed.
Originally, this method was developed for the analysis and synthesis of elastic mechanical systems [5].
Subsequently, it was successfully applied to the analysis and synthesis of dissipative systems, in par-
ticular hydraulic piston shock absorbers [6, 7].

As the base device, whose functional capabilities are intended to be expanded, a well-known lev-
er-vane shock absorber is considered (Fig. 1, a). Based on its kinematic scheme, a model was con-
structed in the form of a modified kinematic graph (Fig. 1, b), and the corresponding assembly matrix
of the model was formed (Fig. 1, c).

P
pl po \
qrs \ 90 qi
@ qo 0 SR/ b

qrs / q1 SR/b 0

Po
a b c

Fig. 1. Modeling of the lever-vane shock absorber using a modified kinematic graph: kinematic scheme (a);
graph-based model (b); assembly matrix (c)

The modeling was carried out under the assumption that the synthesized mechanism is planar.
The graph vertex p; defines the i-th element of the device according to its numbering, while the graph
edge gs characterizes the contact functional interaction between elements and corresponds to a fifth-
class kinematic pair. For a more detailed structural representation of the model, possible types of this
edge have been identified, corresponding to either a rotational or a translational pair (grs and ggs, re-
spectively).

Within the planar problem, the mechanism structure may include graph edges g4, which define
the contact functional interaction between elements and correspond to fourth-class kinematic pairs.
According to the adopted methodology, the model of the considered device, expressed as a modified
kinematic graph, is a multigraph [5]. The modification of the kinematic graph was performed by intro-
ducing an additional “tagged” edge b, corresponding to a dissipative connection, the variation of
which is directly related to the device’s kinematics and, in some cases, determines it. From a kinemat-
ic perspective, this connection is described by a virtual analog of a fourth-class kinematic pair [6].

The degree of mobility of the obtained model, based on the planar problem, is given by the ex-
pression:

W=3-(p—1) =245, ~ 44 —qy =3-(2-1D=2:1-0-1=0. (1)

The result obtained according to expression (1) indicates a close interrelation between the proper-
ties of the dissipative connection and the kinematics of the considered device. This relationship can be
illustrated by the following example: if a liquid adhesive is used as the working fluid in a vane-lever
damper, then as the adhesive solidifies, the device’s mobility gradually decreases to zero.

The cyclomatic number of the resulting model, which determines the number of cycles in the
graph that include the common “tagged” edge b corresponding to the dissipative connection, provides
a measure of the topological complexity introduced by this linkage:

c=q—p+1=2-2+1=1. 2)

For the subsequent synthesis of a new structure, it is necessary to determine how the device’s dis-
sipation will be controlled. In the authors’ opinion, the most common approach, compared with exist-
ing methods that change the properties of the working fluid, is the control method that varies the throt-
tle opening area. This principle is, in fact, implemented using valves in conventional shock absorbers.

Given that, in the synthesized design, the working characteristic is intended to be related not to
pressure but to displacement, the use of valves in the structure is unnecessary. However, the presence
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of an element that fully or partially blocks the throttle opening according to a certain kinematic law is
both a necessary and sufficient condition.

Having substantiated the presence of an additional movable element (a shutter), it is not difficult
to conclude that it must have a contact interaction with the shock absorber element in which the throt-
tle opening is formed. This contact interaction can be realized as a fifth-class kinematic pair, for ex-
ample, a translational pair.

5. Results

Thus, the initial data for the synthesis of a new device can be considered as the following set of
elements of the modified kinematic graph (Fig. 2, a):

— the pole p», which defines an additional element — the shutter, connected to the pole po by the
edge ¢ s, corresponding to the above-mentioned translational fifth-class kinematic pair;

— considering that the relative displacement between the shutter and the housing partition with the
throttle opening determines the dissipative characteristics, the poles p» and po are connected by a
“tagged” edge b.

Initial data in the P2 _
form of elements | 2 2 P P | gse g si/b
of the modified 2 P 0 5¢ |57/ 0 p3
kinematic graph | -2 2 5k 0 0 sp | TR =
s N
> P |5clb| 0 0 St | P1 qsr
P, 0 Sk Sr 0
P 1 "Po
qRrs
P2 «
® P q sr/b
/ - P P, , gs |
p() q*TS E pu 0 SR 57" / b L
= 2 Sk 0 4
3 / 4 o | 7 ok
> 2 50/ b
L | po
a b c d

Fig. 2. Synthesis of the lever-vane shock absorber: initial data for synthesis (a); model in the form of a modified
kinematic graph (b); assembly matrix (c); kinematic scheme (d)

The task of synthesis is to determine the possible number and subsequent placement of poles and
edges of the modified kinematic graph (i.e., the expansion of the base structure) such that the degree of
mobility of the graph model remains unchanged, while the number of cycles increases by one. An in-
crease in the number of cycles by one will indicate the appearance of an additional mechanical control
loop [5].

Based on this, and assuming a minimal number of additional elements, the following variants of
expanding the base structure are possible (Fig. 2, b):

— Variant A, in which the base structure can be expanded by two poles (one of which is p,) and
three additional edges corresponding to fifth-class kinematic pairs (one of which is ¢"7s);

— Variant B, in which the base structure can be expanded by one pole (p>) and two additional edges,
one of which is ¢ 75, while the second corresponds to a fourth-class kinematic pair.

In this case, the degrees of mobility of the models of the synthesized structures in the form of
modified kinematic graphs are as follows:

Variant A: W =3-(p—1)-2g—q, —q, =3-(4—1)=2-4—0—1=0;

3
Variant B: W=3-p-1)-29-¢q,—q,, =3-3-1)-2-2-1-1=0. 3

The cyclomatic numbers of the models are:
Variant A: c=g—-p+1=5-4+1=2; @

Variant B: o=¢g—p+1=4-3+1=2.
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The results of the calculations confirm the exact fulfillment of the synthesis conditions.

Further processing of the assembly matrices based on the modified kinematic graphs (Fig. 2, c)
enables the construction of the kinematic schemes for the synthesized devices (Fig. 2, d).

The design implementation of the obtained kinematic schemes as 3D models (the designation of
the device elements corresponds to the notation adopted in the modified kinematic graph) was carried
out using the CAD software package Autodesk Inventor Series (Fig. 3).

Po q*sr/b qsr  q5R po g srb qa qsR
qsR

Fig. 3. Structural design in the form of 3D models obtained on the basis of the kinematic schemes of the
synthesized devices: specimen A (a); specimen B ()

Verification of the kinematics and strength of the structural elements of the developed devices,
performed using the tools of this package, fully confirms their operability. Kinematic simulation
showed that the variation in the area of the throttle openings is closely related to the geometric pa-
rameters of the additionally introduced structure that forms the mechanical control loop. The results of
kinematic modeling indicate that the synthesized designs can achieve operating characteristics with
different forms of nonlinearity.

A comparative analysis of the designs revealed that, for Variant A, the relative angle of torsion of
the movable part with respect to the stationary part is slightly smaller than for Variant B, which is as-
sociated with the presence of the lever system within the working cavity. In addition, the damping co-
efficient, depending on the direction of rotation of the movable element, will also differ for Variant A,
which is due to the reduction of the working cavity volume of the lever system by the volume of the
latter.

Variant B is characterized by a larger torsion angle, since the control system in the form of a cam
mechanism with kinematic closure is located outside the working cavities. In this case, the direction of
rotation of the movable element does not affect the damping coefficient. From a technological point of
view, the manufacture of Variant B may be considered more complex; however, in terms of the ratio
between functional capabilities and manufacturing cost, both designs can be regarded as sufficiently
efficient.

6. Conclusions

1. As a result of the conducted research, two fundamentally new designs of lever-vane shock ab-
sorbers were synthesized, effectively expanding the functional capabilities of the base structure.

2. The new shock absorber designs were developed by incorporating additional mechanical ele-
ments in the form of hinge-lever or cam mechanisms, enabling the creation of an additional mechani-
cal control loop.

3. Expanding the structure of the conventional lever-vane shock absorber with an additional me-
chanical control loop is fully justified, as it provides the opportunity to implement a fundamentally
new method for controlling the operational characteristics of the shock absorber.

4. Modeling and 3D design implementation confirmed the operability of the designs, the ability
to realize various nonlinear working characteristics, and the effectiveness of damping control com-
pared to conventional shock absorbers.
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S.

Comparative analysis demonstrated that both variants are functionally effective: Variant A ex-

hibits smaller torsion angles and direction-dependent damping, while Variant B has larger angles and
direction-independent damping, with both designs providing an optimal balance between performance
and manufacturing complexity.
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