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Abstract

Due to a number of advantages, such as the high power-to-weight ratio of the system, the possibility
of easy control and the freedom of arrangement of the system components on the machine,
hydrostatic drive is one of the most popular methods of machine drive. The actuators in such a system
are hydraulic cylinders that convert fluid pressure energy into mechanical energy for reciprocating
motion. One disadvantage of conventional actuators is their weight, so research is being conducted
to make them as light as possible. Directions for this research include the use of modern engineering
materials such as composites and plastics. This paper presents the possibility of using new
lightweight yet strong materials for the design of a hydraulic cylinder. The base of the hydraulic
cylinder were designed and subjected to FEM numerical analyses. The base was made of PET. In
addition, a composite cylinder made of wound carbon fibre was subjected to numerical analyses and
experimental validation. The numerical calculations were verified in experimental studies. To
improve the reliability of the numerical calculations, the material parameters of the composite
materials were determined experimentally instead of being taken from the manufacturer's data
sheets.

Keywords: hydraulic drive; actuator; hydraulic cylinder; composite material; carbon fibre

1. Introduction

A composite material is formed by combining two or more distinct base materials that typically
possess contrasting properties. The combination yields a material with enhanced or unique
characteristics that surpass those of the individual components or their simple sum [1,2]. Generally,
one constituent serves as the matrix — a continuous medium that binds the structure — while the
other acts as the reinforcement or filler. In the category of fibre-reinforced composites, two principal
types are identified: short (chopped) fibre-reinforced and continuous fibre-reinforced composites
[3,4]. The reinforcing fibres, commonly made of glass, carbon, or aramid, exhibit high tensile strength
and a high modulus of elasticity along their length. When stored and processed under suitable
conditions, these fibres maintain their mechanical properties, with only minimal variation in
diameter and performance among fibres of the same type.

Composite materials are widely used across various engineering disciplines, including transport
engineering [5], marine engineering [6], and aerospace applications [7]. They are also increasingly
utilized in mechanical power transmission systems and actuators, such as hydraulic drives [8,9] (see
Figure 1). Their broad applicability arises from several advantageous characteristics [10-12],
including low weight, high stiffness and strength, excellent vibration damping capability, and strong
resistance to corrosion.
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Figure 1. Composite material in engineering’s (Authors photos on some research objects): (a) Transport vehicles

components examples; (b) Hydraulic drive components examples.

Back to machines design, one of the most popular types of drives is the hydrostatic drive, how
was mention above, it consists of a pump that converts kinetic energy (usually the rotational
movement of a shaft) into the pressure energy of a fluid, a set of valves whose task is to control the
flow parameters (rate, direction, pressure), receivers (motors and cylinder/actuators) that convert the
pressure energy of the fluid into mechanical energy, and other elements such as pipes and
accumulators [13,14]. In hydraulic actuator, the fluid acts on a movable element of the actuator (called
a piston), generating a force directly proportional to the pressure and surface area of the element
[15,16]. In recent years, several trends have emerged in the development of composite hydraulic
components and systems. The key directions for the development of this type elements of hydraulics
are the introduction of electronic components (microcontrollers, sensors, etc.), miniaturization
(reduction of dimensions), and the introduction of new materials that reduce weight while offering
good strength properties and resistance to the working environment, including hydraulic oil [17,18].
At the same moment composite materials are increasingly used in the design of hydraulic actuator
components [19]. The resulting material has better and/or new properties compared to the
components used separately or resulting from their combination [20].

Among fibrous composites (in which reinforcement is realized by fibers), we can distinguish two
main types: those reinforced with chopped (short) fibers and those reinforced with continuous fibers
[21]. The fibers (usually glass, carbon or aramid) have a high modulus of elasticity along their axis
and high tensile strength. In the paper, continuous carbon fibers were used as reinforcement. Such
fibers are mostly produced by pyrolytic carbonization of polyacrylonitrile (PAN) fibers [20].
Depending on the precursor used and the parameters of the technological process, the density of the
finished fibers ranges from 1.6 to 2.0 g/cm?, with the density of most precursors ranging from 1.14 to
1.19 g/cm? [22]. Two main areas of application for composite materials in hydraulic components can
be distinguished. The first is the design of accumulators [23,24], in which many analogies can be
found with high-pressure, fourth-generation storage vessels. The second, more widely described in
the literature, is the manufacture of cylinders or other parts of hydraulic actuators.
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Mantovani et al. [25,26], proposed a method for determining the strength of a composite cylinder
with a steel liner, considering both the ultimate strength and the possibility of buckling. In their
calculations, they used a modified version of the classic Lame solution, adapted to the properties of
anisotropic materials. The design assumptions were made to ensure adequate ultimate strength of
the cylinder and to limit deformations, both circumferential in the cylinder wall and axial in the liner.
Since the cylinder had to be capable of transferring loads along the axis, the authors designed layers
with axially aligned fibers in its structure. However, this arrangement is difficult to achieve
technologically and requires the use of special manufacturing techniques. Finally, a modal analysis
was performed, which showed that the natural frequencies of the composite cylinder are similar to
those observed in the steel counterpart.

Ritchie et al. [27] and Li et al. [28] performed a Finite Element Method (FEM) analysis and
manufactured and tested a piston and gland made of carbon fiber reinforced composite.
Commercially available tubes were used for their production, which were then subjected to
machining, which is not recommended for composite materials. The authors assess the machinability
of the material as average, while the quality of the surface obtained and the dimensional accuracy as
low. Corrosion tests and mass analysis showed the superiority of the composite over steel in these
aspects. However, the paper does not present the results of tests on a complete actuator. The
usefulness of using continuous fiber composites for the production of such components as pistons
may be questionable. The machining used leads to discontinuity of the reinforcing fibers, which
negatively affects strength. In addition, known fiber composite forming techniques are not suitable
for the manufacturing of parts with such a compact geometry.

However, despite numerous studies devoted to composite pressure vessels and liners, there
remains a lack of comprehensive research that integrates both numerical and experimental
verification of composite hydraulic cylinder elements under realistic working conditions. Addressing
this research gap is of high practical relevance, as it enables the development of design methodologies
ensuring the safe and efficient use of composite materials in fluid-power systems. Therefore, the
present study focuses on the numerical modelling and experimental validation of composite
hydraulic cylinder components, aiming to assess their strength, stiffness, and applicability in
engineering practice.

As part of the work, it was decided to carry out numerical calculations and experimental tests
of a double-acting hydraulic actuator with a single piston rod. An actuator design with tie rods was
chosen (Figure 2) and preliminary design parameters of the actuator shown in Table 1.

450
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Figure 2. The design of the cylinder adopted for testing: 1 — cylinder; 2 — gland; 3 — base; 4 — piston; 5 — rod; 6 —
M10 threaded rod; 7 — M10 nut; 8 - M10 washer; 9 — gland connector; 10 — base connector; 11 — o-ring 36x2; 12 —
o-ring 15.5x1.5; 13 — guide ring; 14 — GHK 307 seal; 15 — seal; 16 — o-ring 12x1.5; 17 — slip-ring; 18 and 19 — TTE
1025 seal.
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Table 1. Preliminary design parameters of the actuator.

Parameter Value
Operating pressure [MPa] 15
Piston velocity [m/s] 0.3
Stroke [mm)] 150
Inner cylinder diameter [mm] 40

This was dictated by the simplicity of the design. Drilling or threading composite elements is
not recommended due to the drastic reduction in the mechanical properties of the resulting
connection. The selected design does not require additional machining of the cylinder or the use of
adhesive joints. This is one of the most common types of actuators in engineering, and therefore the
results obtained could have a broad impact on engineering practice.

2. Numerical and Experimental Testing of the Actuator Base

The weight of the actuator can be reduced by replacing its steel components with lighter ones,
e.g., made of plastics. In this study, a plastic actuator base was designed. When selecting a material
for the base, it is necessary to take into account its properties such as strength, glass transition
temperature, availability, price, and machinability. In this work, the material was selected, the base
was made from the selected material, its strength was calculated using the Finite Element Method
(FEM), and the obtained results were validated experimentally. Table 2 presents selected structural
properties of plastics that were taken into account at the stage of selecting the material for the base.
Polyethylene terephthalate (PET) was selected for the base.

Table 2. Selected mechanical and thermal properties of engineering plastics.

Glass transition

Material Young's Modulus Tensile strength
temperature

Polyamide 6 (PA) 3300 [MPa] 79 [MPa] 45 [°C]
Polypropylene (PP) 2000 [MPa] 34 [MPa] -10 [°C]

Polyethylene

terephthalate) 3100 [MPa] 79 [MPa] 81 [°C]

(PET)

POlyo}‘%’gﬁ?yler‘e 2600 [MPal 67 [MPal .60 [°C]

This choice was dictated by the fact that it has high mechanical strength and good machinability.
This choice was dictated by its high mechanical strength and good machinability. A glass transition
temperature above 80°C ensures that the mechanical properties remain unchanged at elevated
temperatures, which are often found in hydrostatic systems. Compared to other engineering plastics
(such as POM or PEEK)), its price is several times lower.

2.1. Material Testing (Base)

The accuracy of numerical results is highly dependent on the values of parameters and material
constants entered during the calculations. Therefore, to verify the material properties of the plastic
(PET) specified by the manufacturer and to obtain the actual o-¢ curve, a static tensile test was
performed in accordance with ISO 527-2 [29], using a Tinus Olsen H25KT tensile testing machine. Six
type 1B samples were tested at a speed of 1 mm/min. An exemplary plot of the stress-strain
relationship is shown in Figure 3. As can be seen, this relationship is non-linear.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. An exemplary plot of the stress-strain relationship for the tested PET material.

The results of the static tensile test showed that the tensile strength is slightly lower than that
declared by the manufacturer (73.3 + 3.2 MPa), while the Young’s modulus is slightly higher (3652 +
240 MPa).

The values of the parameters characterizing the material from which the base and gland were
made, determined in preliminary experimental tests, were then used in numerical FEM calculations.

2.2. Numerical Calculations of the Base

The strength calculations for the gland were performed using the Finite Element Method (FEM)
in ANSYS® Mechanical™ 2021/R2 software. Figure 4(a) shows a geometric model of the base with a
cylinder, rod, connector and washer. Due to the presence of two planes of symmetry, only % of the
entire system was modelled. The model was divided into finite elements with a predominance of
Hex20 elements with a size of 1 mm. The final mesh had 766882 nodes and 191521 elements. The
model, divided into finite elements, is shown in Figure 4(b).

Outside view

Inner view

(a) (b)

Figure 4. Model view in ANSYS® Mechanical™ 2021/R2: (a) Geometric model of 1/4 of the base with a cylinder
(1), base (2), washer (3), connector (4) and tie rod (5); (b) Geometric model of the base with a cylinder (1), base
(2), washer (3), connector (4) and tie rod (5) divided into finite elements.

The base was assigned non-linear material properties, which were previously determined
experimentally in a static tensile test (Figure 3). The cylinder, tie rod, washer and connector were
assigned the material properties of Structural steel from the ANSYS library (E = 200 GPa, v = 0.3).
Bonded contacts were assigned between the washer and the base, between the connector and the
base, and between the washer and the bolt. A frictional contact with a friction coefficient of 0.2 was

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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assigned between the base and the cylinder (Figure 5). This reflects the actual conditions of interaction
between the parts.

(©) (d)

Figure 5. Model contacts between parts: (a) Washer & Base; (b) Connector & Base; (¢) Washer & Tie rod; (d)
Cylinder & Base.

The model was supported in two places — on the end surface of the tie rod and on the end surface
of the cylinder (Figure 6a). The simulation was divided into two steps. In the first step, the tie rod
was pre-tensioned with a force of 4900 N (Figure 6b), and in the second step, the system was loaded
with an internal pressure of 20 MPa (Figure 6b).

First step - Pre-tensioning

Force (4900 N) on tie rod

Second step - Loading
="

Internal pressure (20 MPa) inside model

(a) (b)
Figure 6. Model setup in ANSYS® Mechanical™ 2021/R2: (a) Model support places; (b) Pre-tensioning of the tie

rod on the first step of the simulation and loading internal pressure on the second step of the simulation.

Figure 7 show the deformations of the model at the locations where the strain gauges were
attached in the experimental test. In order to obtain correct results, two areas of appropriate
dimensions (corresponding to %2 of the strain gauge grid area) were selected on the test surface, and
the deformation results in specific directions were averaged over this area. The results are shown in
Table 3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. FEM simulation results for the base deformations at the strain gauge location in the [in m/m]: (a) X-

axis in the first step of the simulation; (b) X-axis in the second step of the simulation; (c) Y axis in the first step of

the simulation; (d) Y axis in the second simulation step.

Table 3. Average results of base deformations at the strain gauge locations.

- & [pm/m] & [um/m]
Step 1 (Pre-tension) 1559 3214
Step 2 (Pressure load) 1153 4720

The maximum stress reduced according to the Huber-Mises hypothesis in the first step of the
simulation was 27 MPa, while in the second step was 67.2 MPa. However, these values occur at the
edge where the cross-section changes, and their high value results from numerical singularities
occurring in these areas. The stress distribution on the surface of the element is shown in Figure 8.

Equivalent Stress Equivalent Stress
Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress
Unit:Pa Unit; Pa

Time: 1 Time:2
07.03.2022 10:50 07.03.2022 10:48
6,7177e7 Max
5,9714e7

[ 5257

. 4,4787e7

! 3,7323e7

B 208507
2210667

= 1,4932¢7
746886
5217.6 Min

2.7047e7 Max
240427
210387
1,980937
1,5020¢7
1,2024e7
301936
60147¢6
3,0101e6
55082 Min

(a) (b)

Figure 8. FEM simulation results for the base stresses reduced according to the Huber-Mises hypothesis: (a)
After the first simulation step; (b) After the second simulation step.
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2.3. Experimental Testing of the Actuator Base

A physical prototype of the base was made by machining solid Tecapet White material. A photo
of the finished element, whose weight (including the connector) was 386.7 g, is shown in Figure 9(a).
The base deformation measurements were performed using TENMEX TE-5 strain gauges with a
strain gauge constant of 2.19 + 2% and a resistance of 350 Q + 2%. The HBM QuantumX MX440B
interface and a PC with Catman AP software were used to acquire measurement data. The
arrangement of the strain gauges on the base is shown in Figure 9(b). The sensors were attached to
the element using ThreeBond 1731 cyanoacrylate adhesive.

&
<

45

(@) (b)

Figure 9. Experimental testing explanation: (a) Photos of the base made of PET material; (b) Arrangement of
strain gauges on the base during experimental tests.

The element was mounted in the actuator, and then the loading procedure was carried out. This
procedure consisted of two steps: the first (Step 1) was to preload the tie rods with a torque of 10 Nm
on each rod (which generated a tensile force of 4900 N on each rod), the second (Step 2) was to load
the piston chamber of the actuator with an internal pressure of 20 MPa. The results of the deformation
measurements are presented in Figures 10 and 11.

4000

3000 |

€ [pm/m]
(=]
[=}
(=3
[=]

1000 |

50 100 150 200 250

Figure 10. Deformations of the base in the X and Y directions recorded during experimental tests during the
initial tensioning of the tie rods (Step 1).
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Figure 11. Deformations of the base in the X and Y directions recorded during experimental tests during internal
pressure loading (Step 2).
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Table 4 summarizes the results of the base deformation measurements and compares them with
the results of the FEM analysis.

Table 4. Comparison of FEM analysis and experimental measurements of base deformation.

- & [pm/m] & [pm/m]
FEM Experiment FEM Experiment
Step 1 (Pre-tension) 1559 931 3214 3462
Step 2 (Pressure load) 1153 909 4720 5700

In the X direction, the differences are 67.5% for step 1 and 26.8% for step 2. In the Y direction,
the differences are smaller, at 7.2% in the first step and 17.2% in the second step.

3. Numerical and Experimental Testing of the Actuator Cylinder

Due to the significant influence of individual components and manufacturing technology on the
mechanical properties of composite materials, a full characterization of the material was performed.
The material was selected, the cylinder was made from the selected material, its strength was
calculated and the obtained results were validated experimentally.

3.1. Material Testing (Cylinder)

The samples were made by winding Toho Tenax HTS40 F13 12K 800tex carbon fiber and Araldite
LY 1564 epoxy resin with Aradur 3486 hardener. Flat plates with four layers, unidirectional fiber
orientation, dimensions of 250x250 mm, and a thickness of 1.2 mm were wound, from which
appropriate samples were cut for testing Young’s moduli E1c and E2 and ultimate strength (o17)u: and
(o2r)ult in tension were determined in accordance with ASTM D3039 [30] in a static tensile test. Five
samples of each type were tested. Figure 12 (a) shows a sample mounted in the grip of an MTS 810
testing machine with an extensometer installed.

Young’s moduli Eic and E2c and ultimate strength (oic)ut and (o2c)ur in compression were
determined in accordance with ASTM D6641 [31]. It involves compressing a sample mounted in a
specially designed holder that prevents the element from buckling during the test (Figure 12b).
Deformations were recorded using strain gauges placed on the measuring part of the sample. Two
strain gauges were affixed to each sample, one on each surface, to eliminate the influence of bending
due to possible buckling. Five samples of each type were tested.

Kirchhoff modulus Giz and shear strength (z12)ur were determined in accordance with ASTM
D7078 [32]. In this test, a rectangular sample with notches was placed in a fixture as shown in Figure
12(c). The grip was then loaded in tension, causing shear in the area of the sample between the
notches. Strain gauges affixed to the test area at an angle of +45° to the test direction allow the
deformation vy to be recorded. Five samples were tested.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 12. Sample mounted in the: (a) Grip of a testing machine with an extensometer installed; (b) Compression

test grip; (c) Shear test fixture.

3.2. Strength Calculations of the Composite Cylinder

In the strength calculations for the composite cylinder, an orthotropic material model was used,
whose properties were determined experimentally and summarized in Table 5.

Table 5. Material properties of the used epoxy-carbon composite.

Parameter Value
Eir=E1c 103.31 [GPa]
E2r = E2c 8.39 [GPa]

G2 4.64 [GPa]
(o17)ute 1070.96 [MPa]
(g2r)ute 40.39 [MPa]
(o1C)utt 703.01 [MPa]
(o2)ute 113.64 [MPa]
(T12)ute 63.88 [MPa]

Vi2 = V12 0.34 [-]

The most general relationship between deformation and stress for an anisotropic material is
given by Equation (1):

oy €
0, ] Car Cpp Gz oy Cps Gy | €2
o3| _|C1 G2 (33 (34 (35 C36f] &3 1
5| = (1)
23

T31
T12

where respectively (for 7, j =1, 2, 3, ... n): 0i - normal stresses; 7;; - tangential stresses; & - normal
strain; yi; - shear strain; [C] - material stiffness matrix.

The relationship between stress and strain can also be written as:

0; = X5, Cijej; fori=1..6, 2)

where, 04=T23, 05=T31, 06=T12, £4=Y23, £5=Y31, E~Y12.
The strain energy accumulated in a unit volume of the body is expressed by the formula:

6
1
W= Ez ot 3)

1 6 6
W = EZZ Cijgigj' (4)
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Therefore:
ow c
dg0g; )

The stiffness matrix for an orthotropic material (i.e., one with two mutually perpendicular planes
of symmetry) can be written as follows:

Co G Gz 0 0 0

_|Gs G2 Gz 0O 0 0
1=l o o0 ¢, 0o of ©)

0 0 0 0 Cx O

lo o 0o o o0 cl
When considering a composite layer, a plain stress is assumed. Therefore:

T31 =0. (8)
Ty3 = 0. ©)

These assumptions allow to reduce the three-dimensional relationships between stress and

Q11 Q12 0 &
| l Q12 Qn O lngl, (10)
0 Qee V12

where Qj; are elements of the reduced stiffness matrix.

strain to two dimensions:

The above equations link deformation and stress in the composite layer through the reduced
stiffness matrix [Q]. However, it would be convenient to refer the elements of these matrices to basic
material constants such as: E1 - Young’s modulus measured along the fibers (in direction 1); E2 -
Young’'s modulus measured across the fibers (in direction 2); vi; - Poisson ratio; G12 - Kirchhoff’s
modulus (in the 1-2 plane).

This relationship is presented by the equation:

V12E2

1—vy1vq - V21V12
v12E, (11)
1 - V21V12 YIZ

- V21V12

The number of layers and the angles of the fibers in each layer of the cylinder were determined
using a genetic algorithm. Genetic algorithms (GA) are a group of optimization algorithms whose
operation is based on Darwin’s principle of “survival of the fittest” [33,34]. Their operation can be
divided into several steps:

Step 1 (GA): Determination the global parameters of the algorithm.

Step 2 (GA): Generation (mostly random) initial population.

Step 3 (GA): Evaluation of individuals for adaptation to a specific problem, according to the
criteria adopted for the problem.

Step 4 (GA): Evaluation of the convergence of the algorithm.

Step 5 (GA): Selection of the best adapted individuals for further reproduction.

Step 6 (GA): Reproduction, consisting of:

a. Crossover;
b. Mutation.

Step 7 (GA). Return to Step 3 and continue the process until the desired convergence criteria are

achieved.
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In the case of laminate optimization, a single individual reflects the arrangement of successive
layers, which are treated as separate genes. Such genes, in the course of evolution, may undergo
mutation, crossover and/or deletion. For the wound element, one of the constraints is that the layers
are grouped in twos [+a/-a], which forces an even number of layers. Thus, two corresponding layers
[+a/-a] are treated by the algorithm as a single gene. An example of an individual with 6 genes is
shown in Table 6.

Table 6. Example of an individual representing the layering of a winding element.

1st Gen 2nd Gen 31 Gen 4th Gen 5th Gen 6th Gen
+12° -12° +25° -25° +83° -83° +45° -45° +10° -10° +70° -70°

The initial population is generated randomly, which means that individuals have a random
number of layers (limited to a certain maximum) and random fiber angles (from a certain available
range). The population size (number of individuals) is set as a global parameter. In the case of
composite cylindrical elements, individuals are evaluated using classical laminate theory adapted to
cylindrical wound elements. The detailed application of the genetic algorithm to the optimization of
the composite structure of a cylinder is presented in [35]. As a result of the application of the genetic
algorithm, a cylinder with a fiber orientation of [90/90/+20]2 was determined, with a fitness function
value of 4.302.

3.3. Composite Cylinder Manufacturing

The composite cylinder was manufactured using a Mikrosam MAW 20 LS4/1 four-axis filament
winding machine. The winding was performed on steel, chrome-plated mandrels with a diameter of
40 mm, a length of 500 mm and a roughness of Ramx = 0.2 um. In the winding process, two layers +0
are produced simultaneously. The cylinder was made of Toho Tenax-E HTS40 F13 12K 800tex fiber
and Araldite LY 1564 epoxy resin with Aradur 3486 hardener. After winding, the cylinder, together
with the mandrel, was cured in an oven for 12 hours at 60°C. After this time, the core was removed
and the cylinder was cut to a length of 305 mm using a diamond blade saw and liquid coolant. A
comparison of the weight of the manufactured cylinder with a reference steel cylinder with a wall
thickness of 5 mm, made from a commercially available tube intended for hydraulic actuator
cylinders, shows that its weight was reduced by approximately 94.4% (the weight of the steel cylinder
was 1704 g, and the weight of the composite cylinder is 95.5 g). It should be noted that the cylinder
does not have a liner (internal metallic layer), which may be necessary and will increase the weight
of the composite cylinder.

3.4. Experimental Verification

In order to verify the calculations a test stand was designed and built to test the deformation of
a composite cylinder, which was part of a complete hydraulic actuator. Figure 13 shows the hydraulic
diagram of the actuator test stand. The stand allows the tested actuator to be cyclically extended and
retracted at specified speeds and under a specified load. The direction of the actuator’s movement is
changed by switching the directional control valve (4), while the speed of movement can be set
independently for both directions using flow control valve (5) and (6). In addition, the flow control
valves make the actuator speed independent of the changing external load. The load is applied by a
loading actuator (15) connected to a relief valve (18), which allows the load pressure to be maintained
independently of the flow rate (actuator speed). The system allows the recording of pressure values
in the chambers of the tested actuator, flow rates, piston rod position, and load force.
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Figure 13. Hydraulic diagram of the actuator test stand: 1 — pump; 2 — safety valve; 3 — pressure gauge; 4 — 4/3

directional control valve; 5 — 2-way flow control valve; 6 — 3-way flow control valve; 7 — check valve; 8 and 9 -
flow meter; 10 and 11 — pressure sensor; 12 — tested actuator; 13 — position sensor; 14 — force sensor; 15 —loading
actuator; 16 — 4/3 directional control valve; 17 — pressure sensor; 18 —relief valve; 19 — safety valve; 20 — adjustable

throttle valve; 21 — pump; 22 and 23 — hydraulic tank.

Cylinder deformation measurements were made using strain gauges affixed to the outer surface
of the cylinder in the middle of its length, recording axial ex and circumferential &9 deformations. The
measurements were made in two steps: the first (Step 1) involved pre-tensioning the actuator tie rods
with a torque of 10 Nm on each rod, and the second (Step 2) involved loading the pretensioned
cylinder with internal pressure in the range from 0 to 20 MPa.

Figure 14 shows an actuator with a steel cylinder mounted on a test stand. The first series of
measurements was performed on an actuator with a steel cylinder to verify the calculations.

Figure 14. Actuator with a steel cylinder mounted on a test stand.

Figure 15 shows the axial and circumferential deformations of the cylinder during the pre-
tensioning of the rods (Step 1). The theoretical deformation values obtained from finite element
calculations are also marked with dashed lines.
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Figure 15. Axial ex and circumferential eo deformations of the steel cylinder during pre-tensioning.

Figure 16 shows the axial and circumferential deformations of the cylinder during loading of the
pre-tensioned cylinder with internal pressure (solid lines). The theoretical deformation values
resulting from finite element method calculations are also marked with dashed lines. The
measurement and calculation results are summarized in Table 7.
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Figure 16. Axial ex and circumferential eo deformations of the steel cylinder under internal pressure with the

piston rod retracted.

Table 7. Comparison of FEM calculation and experimental measurements on cylinder.

- & [pm/m] go [um/m]
FEM Experiment FEM Experiment
Step 1 (Pre-tension) -138.6 -120.02 41.56 43.13
Step 2 (Pressure load)  -106.44 -96.39 355.4 339.6

As can be seen, the difference between the calculations and the experimental results for
circumferential deformations is less than 5%. For axial deformations, this difference is greater (15.5%
in Step 1 and 10.4% in Step 2, respectively). This may be due to uneven rod tension during pre-
tensioning.

Measurements of composite cylinder deformation were performed using a similar procedure.
Figure 17 shows the axial and circumferential deformation of a composite cylinder with a
[90/90/+20/]2 structure without a liner recorded during measurements (solid lines) and calculated
theoretically (dashed lines) during the pre-tensioning of the actuator. Theoretical calculations for the
composite material were performed using Wolfram Mathematica.
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Figure 17. Deformation of the composite cylinder [90/90/+20/]2 during pre-tensioning (Step 1).

Figure 18 shows the deformation of the cylinder during internal pressure loading up to 20 MPa.
It compares the experimentally measured deformations with those calculated.
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Figure 18. Deformation of the composite cylinder [90/90/+20/]2 during inner pressure loading (Step 2).

The results of measurements and calculations are summarized in Table 8. As can be seen, the
agreement between experimental and theoretical results for three of the four cases is very good. A
large difference (31.2%) occurred only for circumferential deformation in Step 2. The reason may be
the low stiffness of the bonded connection between the strain gauge and the cylinder surface, as the
experimental values were smaller than the theoretical ones.

Table 8. Comparison of deformations of composite cylinder [90/90/+20/]> measured experimentally and

determined theoretically using classical laminate theory.

- & [pm/m] &o [um/m]
Experiment Theory Experiment Theory
Step 1 (Pre-tension) -2107.8 2083 258.35 269.64
Step 2 (Pressure load) -1237.12 1252.9 4329.13 4329.13

From the deformation measurements, it can be seen that in most cases the results obtained
experimentally coincided with those calculated theoretically using classical laminate theory as to the
values and nature of the changes. For a composite cylinder with a fiber orientation structure of
[90/90/+20/]2, the differences in axial deformation in both steps were slightly over 1%, while for
circumferential deformation in the first step, they were less than 5%. A greater discrepancy was
recorded for o in the second step, amounting to 31.2%. This is a large difference, but as before, the
experimentally obtained values were lower than the theoretical ones.
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4. Conclusions

This paper presents the results of numerical considerations on the values of deformations and
stresses at the base of a composite actuator. The base was made of PET plastic and was part of a
hydraulic actuator that was subjected to a uniform load in the form of internal pressure of 20 MPa.
In order to obtain more reliable numerical calculation results, the material properties of the plastic
used to make the base were verified. The Young’s modulus and tensile strength were determined
experimentally.

Numerical considerations regarding deformations were verified by experimental tests on a
specially designed and constructed test stand. The numerical and experimental tests were carried out
in two steps: initial tensioning of the actuator tie rods and internal pressure loading. In the case of the
base, the experimentally recorded deformations in the X direction were smaller than those resulting
from the FEM calculations, while in the Y direction they were larger (Table 4). These differences may
result from uneven tension of the rod in the actuator. Although each of them was tensioned with the
same torque of 10 Nm, differences in friction forces in individual systems could result in inequalities
in axial forces. Deformation measurements show that in most cases, the experimental results
coincided with those calculated theoretically using the classical laminate theory in terms of the value
and nature of the changes.

A comparison of the deformations of the steel and composite cylinders shows that during the
loading of both cylinders, significantly greater deformations occur in the composite cylinder. It can
be seen that in the first step of loading, the cylinder deformation values are significantly greater in
the axial direction. This is due to the compressive forces caused by the tie rods, which were tightened
to a torque of 10 Nm in this step. In the second step, however, greater deformation values are
observed in the circumferential direction and increase with the internal pressure in the cylinder. The
results presented confirm the positive validation of the computational models of the composite base
and cylinder. The cylinder presented in this work had a weight that was over 94% lower than that of
a steel cylinder of the same length and internal diameter.
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