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Abstract: With the development of engineering materials, as well as the growing requirements for
weight reduction and the reduction of energy consumption by mechanical systems, attempts have
been made to utilize composite materials in the design of hydraulic cylinders. In many cases, the
reduction in the weight of the actuators may lead to a reduction in the values of bending moments
acting on the booms of working machines, as well as leading to a reduction in the power demand in
drive systems. The use of composite materials can also increase the reliability of cylinders in corrosive
environments and places with strong electromagnetic fields. This paper presents the development
of hydraulic actuators made of composite materials, presenting both the achievements of research
centers and commercial companies. The main research and engineering problems are presented along
with the methods of solving them resulting from the literature available. The directions for further
research that should be undertaken in order to increase reliability, improve efficiency, and reduce
weight are also outlined.
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1. Introduction

A hydrostatic drive is one of the most popular types of drives in mechanical engineer-
ing. It consists of a pump that converts kinetic energy (most often shaft rotation) into the
energy of fluid pressure, a set of valves whose task is to control the flow parameters (flow
rate, direction, and pressure), receivers (motors and actuators) converting fluid pressure
energy into mechanical energy, and other elements such as hoses or accumulators. The
popularity of this type of systems is a result of a number of advantages, such as a high ratio
of power transmitted to the mass of the system, the possibility of arranging the elements
on the machine, or the possibility of obtaining almost any functional structure as well as
the ease of automation [1].

Hydraulic cylinders are actuators whose task is to convert the energy of fluid pressure
into the mechanical energy of a reciprocating movement. The fluid acts on the movable
element of the actuator (piston or plunger) causing a force directly proportional to the
pressure and the area of the element. A double-rod hydraulic cylinder is shown on Figure 1.
It consists of a front joint (1), piston rod (2), front-end cap (3), piston (4), barrel (5), rear-end
cap (6), and a tail joint (7) [2]. Standard hydraulic cylinders are designed to operate at
working pressures up to 25 MPa; versions with higher working pressures are also available
on request. Diameter and pitch ranges vary from a few millimeters [3,4] to several meters [5].
Many years of perfecting the design of actuators has allowed a general efficiency close to
100% [6,7] to be obtained.
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Figure 1. Double tie-rod hydraulic cylinder: 1—front joint, 2—piston rod, 3—front-end cap, 4—piston,
5—Dbarrel, 6—rear-end cap, and 7—tail joint [2].

When choosing a material, the issues of strength, durability, manufacturing technology,
and cost must be taken into account [8]. Environmental issues are becoming more and
more important, forcing the reduction or elimination of harmful materials, emissions, and
the amount of waste produced. Efforts are also being made to design structures in such a
way that they consumes as little energy as possible during operation. Weight reduction
is a desirable step in this context, as it is usually associated with the increased energy
efficiency of the machine [9,10]. Conventional hydraulic cylinders are mostly made of steel
or aluminum alloys, and the seals are made of plastics and bronze. The most popular alloys
include structural steel S355J2G3 [11], austenitic stainless steel AISI 304, and aluminum
alloy Al7075 [12,13].

A composite is a material obtained by combining two or more base materials with
(most often) radically different properties. The resulting material has better and (or) new
properties compared to the components used separately or resulting from their simple
summation. In most cases, one of the materials takes the role of a matrix (continuous,
bonding medium), while the rest becomes the filler (reinforcement) [14,15].

Among the fibrous composites (in which the reinforcement is realized by fibers), we
can distinguish two main types: those reinforced with short fibers and those reinforced
with continuous fibers. Fibers (most often glass, carbon, or aramid) are characterized by a
high modulus of elasticity along their axis and high tensile strength [16]. There are many
types of fibers on the market that differ in terms of parameters and the materials from
which they are made and thus also the price.

The second component of the composite material is the matrix, the purpose of which
is to bond the reinforcement material and to enable load transfer between the fibers. It
can also stop or slow down the propagation of cracks initiated in the reinforcement and
protect the fibers from adverse environmental conditions [17]. The most commonly used
matrix materials include polyester, vinyl ester, or epoxy resins, as well as thermoplastics
(polyethylene, polypropylene, and polyamide).

Year by year, there is growing interest in the use of fiber-reinforced composite mate-
rials. This is due to their high strength, low weight, and corrosion resistance. There are
many methods of manufacturing fiber-reinforced polymeric composite materials, such as
lamination (hand, spray, vacuum bag), infusion molding, winding, weaving, and pultru-
sion. In the production of high-pressure cylinders and tanks, mainly winding and weaving
methods have been used [18].

2. Design and Research Issues

When designing a hydraulic cylinder, it is necessary to take into account the differences
resulting from the nature of the composite material. A number of problems that the designer
faces during the design process of such an element are presented below.

2.1. Material Anisotropy

The use of fiber-reinforced composites in a load-bearing structure entails the need
to take into account the significant anisotropy of such materials. A single unidirectional
layer shows high strength and a high Young’s modulus along the fibers, but much lower
parameters in the direction perpendicular to the reinforcement fibers. The classical methods
of calculating the barrel wall thickness taken from conventional actuator designs cannot be
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used [19]. Designers must therefore use computational methods developed for multilayer
elements, often combining anisotropic composite layers with isotropic steel or aluminum.

2.2. Piston—Barrel Interface

It is crucial to ensure the proper frictional cooperation of the piston seal with the inner
surface of the barrel. The phenomena occurring at the contact of polymer seals and the
steel or aluminum inner layer of a classic cylinder are already well known. Changing
the material, however, makes it necessary to describe these phenomena anew. Material
and technological solutions are also sought to make the inner layer as resistant to wear as
possible and with the lowest possible coefficient of friction [20,21]. One of the solutions is
the use of a thin-walled steel pipe (so-called liner) on which a composite overwrap is made.

2.3. Connecting the Barrel with the End Caps

In conventional hydraulic actuators, threaded or tie-rod connections are most often
used to connect the barrel with the end caps [22]. While the latter solution is applicable
to composite cylinders, cutting threads in the composite material is not advised [23].
Designing an actuator without tie-rods requires an adhesive or form-fit connection. An
alternative solution is to cut threads in the liner material.

3. Research Work on the Development of Composite Cylinders

The scientific literature offers various approaches to the issue of designing a hydraulic
actuator with a composite barrel.

In as early as 1986, Hashimoto et al. [24] presented an innovative composite hydraulic
cylinder with an integrated piston position sensor. They presented a method of connecting
composite parts made by winding with steel elements with the use of pins, with which the
fiber was wrapped during manufacturing. The advantage of this form-fit connection is the
continuity of the fibers and the avoidance of mechanical processing of the composite as
well as the elimination of the adhesive connection. This method was tested both statically
and with impulse loads. A magnetostrictive piston position sensor was integrated in the
actuator barrel. Such a sensor was characterized by high accuracy and repeatability of
reading, and the wound barrel structure was well suited to integrating this solution. The
described prototype had an internal diameter of 50 mm, a piston rod diameter of 28 mm, a
stroke of 500 mm, and a weight of 4.7 kg. This was a 2/3 reduction in the weight of the
element compared to a conventional steel actuator. A similar design was presented by
Sumali et al. [25]. The sensor consisted of a coil wound up during the manufacturing of the
barrel and thus embedded in its wall, and a steel piston rod that also served as the core of
the coil. The sliding of the piston rod into the coil changes the position of the core in the
coil, which changes the inductance and thus the impedance of the coil. The impedance
measurement allowed the position of the actuator piston to be determined. The resulting
cylinder had an inside diameter of 38.1 mm, an outside diameter of 44.45 mm, and a stroke
of 203.2 mm.

Mantovani et al. [26,27] presented a method of designing a composite cylinder with a
steel liner in terms of strength and buckling. The analysis presented by the authors was
performed for an actuator with a working pressure of 35 MPa, an internal diameter of
300 mm, and a stroke of 1960 mm. For this purpose, the authors used the solution of the
Lame problem modified for anisotropic materials. Design constraints have been adopted
to ensure the appropriate immediate strength of the cylinder as well as the appropriately
low values of the circumferential deformation of the cylinder and the axial deformation of
the liner. Due to the fact that the considered barrel would also transmit axial forces, the
authors designed layers in it, in which the fibers would be arranged along the axis of the
element. Finally, a modal analysis was carried out, which did not show any significant
differences in the natural frequencies between the composite barrel and the reference (steel)
one. The designed barrel had a mass of 80 kg compared to 407 kg of the reference barrel,
which translates into a weight reduction of approx. 80%.
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Ritchie et al. [28] performed the FEM analysis and manufactured and tested the piston
and the front cap from a composite material reinforced with carbon fiber. The elements were
made using subtractive methods from ready-made pipes, which is not recommended in
the case of composite materials. The authors defined the machinability of the composite as
medium and the obtained surface quality and dimensional accuracy as low. The conducted
corrosion tests as well as the comparison of the weights of both elements showed the
superiority of the composite material over steel. The paper does not present the tests of the
complete actuator.

Scholz and Kroll [20] considered removing the steel liner from the inside of the
barrel and replacing it with a nanocomposite coating with properties ensuring appropriate
tribological conditions at the barrel-piston interface. The authors presented methods of
calculating stresses in individual composite layers, as well as a method of producing
nanocomposite coatings (Figure 2). However, the process of selecting and optimizing the
laminate structure is not presented in detail. The manufactured cylinders were tested, the
deformation as a function of internal pressure and the abrasive wear of the nanocomposite
layer were determined (Figure 3). The prototypes had an internal diameter of 85.5 mm, a
barrel length of 250 mm, and a barrel thickness of 2.8 mm. The operating pressure was
35 MPa with a burst pressure of 700 MPa. The authors confirmed the suitability of a selected
coating as a sliding material in a cylinder.

Figure 2. Manufacturing of CFRP barrels with internal nano-gelcoat: (a) sprayed application of
particle-resin mixture; (b) filament-winding process; and (c) cylinders after curing and demolding [20].

piston guide pressure chamber piston seals

strain gauge CFRP cylinder test gap piston

pneumatic cylinder Pressure resenoir
Figure 3. Test configuration (left) and cross-sectional view (right) of the test set-up [20].

Nowak and Schmidt [29-31] conducted an in-depth theoretical analysis of composite
pipes with a steel liner, deriving analytical formulas allowing the stress distribution to be
calculated, taking into account the loads of internal pressure, axial force, and temperature.
They also conducted experimental verification with the use of strain gauges and acoustic
emission. The analysis was made for barrels with a length of 420 mm, with a liner with
an internal diameter of 185 mm, and an external diameter of 193 mm and 204 mm. The
thickness of the composite winding ranged from 7 mm to 15 mm. The internal pressure up
to 75 MPa was used in the tests. The authors showed that as long as the liner works in the
range of elastic deformations, the composite overwrap does not transfer significant loads.
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However, when the liner is in the range of plastic deformation, the composite provides the
structural integrity with the necessary strength.

Various methods of connecting the end caps to the composite barrel were considered
by Zhang et al. [32]. The authors proposed a proprietary method called inlaid connection
consisting of connecting the front-end cap, liner, and the rear-end cap using a composite
overwrap. According to the authors, this ensures a more secure connection of elements,
easier service, and more economical use of materials. The paper presents laminate strength
calculations assuming a constant winding angle of 63.43° and a laminate thickness of
5 mm. The calculations were carried out for a cylinder with an internal diameter of
50 mm, a piston rod diameter of 28 mm, a stroke of 500 mm, a working pressure of 25 MPa,
and a maximum pressure of 37.5 MPa. However, the authors did not take into account
the strength of the steel liner, as it was assumed that the entire load would be carried by
the composite.

Lightweight hydraulic actuators can also be used in robotics. El Asswad et al. [33,34]
designed and manufactured a prototype, and they subjected a hydraulic cylinder with a
composite barrel to bench tests and intended for it to be used as the drive of a humanoid
robot. The process of barrel design was shown taking into account the material anisotropy
using the Tsai-Hill criterion. The genetic algorithm was used to find the optimal geometric
dimensions of individual actuator elements while minimizing the final mass of the assembly.
Two prototypes of actuators were made one with tie-rods and the other, where the end caps
were connected to the barrel using adhesive. The friction coefficient was determined, which
turned out to be quite high (0.61), which was related to the properties of the composite
surface. The presented design had an internal diameter of 25 mm, a piston rod diameter of
12 mm, and a stroke of 110 mm. It was tested at a supply pressure of 4 MPa. It is worth
noting the use of a piston was made possible by 3D printing.

In a series of publications, Solazzi and colleagues presented the design process of a
composite hydraulic cylinder along with its implementation and testing. Basic strength
calculations of the barrel, front, and end caps, as well as the piston rod, were presented.
The cylinder calculations took into account the material anisotropy, and 0°, £45°, and 90°
were assumed as the allowed fiber angles [35]. The criterions of Tresca and Huber-Mises
were used as the strength criteria. The authors provided several variants of the individual
elements (made of steel, aluminum alloy, aluminum alloy, and an epoxy-carbon composite)
with a weight comparison. A prototype of a barrel, consisting of an inner steel liner and
a carbon—epoxy overwrap, manufactured using the filament winding method was also
pressure tested. Winding was performed by hand and the element was post-treated to
obtain a uniform outside diameter. Next, the authors presented a process of designing a
telescopic actuator made of a composite material [36]. The material selection and the basic
strength calculations for an isotropic material and also partially for an anisotropic material,
as well as finite element analysis, were presented. Particular emphasis was placed on
preventing buckling of the element. Once again, the Huber-Mises hypothesis, commonly
used for metallic materials, was used to assess the strength of the composite material. The
authors took into account the difficulties in joining the actuator parts resulting from the
fact that they were made of different materials and proposed the adhesive joint as the
best suited. The next paper presents strength calculations for the cylinder, taking into
account its layering (the presence of an internal aluminum liner and an external composite
reinforcement) [37]. The Huber—Mises hypothesis was used to assess the strength. Both the
end caps and the liner were made of aluminum alloy and then joined together by welding
(Figure 4). A composite reinforcement made of carbon fabric and epoxy resin was placed on
the prepared element by means of hand laminating with the help of a vacuum bag (Figure 5).
Additionally, the paper presents a piston rod made of a composite material with a method
of connecting an aluminum piston and a front joint with a composite piston rod by means
of a form fit. The last part of the article presents experimental tests of a finished actuator.
The tested actuator had a liner with an internal diameter of 50 mm and a wall thickness
of 3 mm with a 4 mm composite overwrap. The piston rod diameter was 40 mm and the
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stroke diameter was 500 mm. Next, the problem of stress variability in a cylinder consisting
of an aluminum liner reinforced with an epoxy—glass laminate was described [38]. The
variability of the stress will result from the variability of operating parameters, such as
internal pressure, as well as from the geometrical variability (manufacturing inaccuracies)
and material properties. The coefficient of variation was introduced, which is a measure
of the spread of actual stress values around the mean value, which increased with the
increase in the input parameters tolerance. Solazzi and Buffoli in their paper from 2021 [39]
described the design process of a composite cylinder taking into account the action of
fatigue loads. A membrane model of the material modified with anisotropy was adopted
for strength calculations. The Tsai-Hill criterion was adopted as the failure hypothesis,
which is better than the previously used criteria of Tresca or Huber-Mises to assess the
strength of composites. The fatigue strength was estimated using from available S-N curves
for composite materials.

Aluminium Composite

Pe=56 mm @i=50 mm

Pe=64 mm @i=56 mm | Aluminium |

Pe=40 mm_@i=20 mm

Figure 4. Geometrical model of an actuator designed by Solazzi [37].

Figure 5. An actuator prototype designed by Solazzi [37].

Praveen Kumar and Lee [40] developed hybrid piston rods combining a steel core
with an external composite reinforcement. They performed buckling analysis using the
finite element method as well as experimental tests for a wide range of elements with a
length of 650 mm and outer diameters ranging from 7.5 mm to 30 mm. The CFRP content
ranged from 0% for solid steel rods to 100% for all-composite designs. It has been shown
that the increase in the proportion of composites in the element increases its resistance to
buckling. This was also influenced by the angle of the fibers, where the reinforcement at 0°
worked best; however, it should not appear alone, but rather in combination with the layers
of £45° and 90°. The authors suggest that the use of hybrid piston rods will allow for a
significant reduction in the mass of the cylinder without sacrificing its buckling resistance,
which in the case of these elements is one of the key parameters taken into account in the
selection process.

A different approach to multi-material composite elements was presented by Sieg-
farth et al. [41]. The authors proposed two designs of a monolithic piston integrated
with the piston rod and seal manufactured using the MMAM (multi material additive
manufacturing) method. The components shown had a piston diameter of 3.6 mm, a
seal outer diameter of approximately 4.5 mm, and a piston rod diameter of 2.5 mm. It is
worth noting that the entire element was made together with sealing in one process using
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PolyJet 3D printing technology (Figure 6). The paper presents experimental studies of
water absorption, friction, and wear. Despite achieving lower operational parameters than
conventional designs, the authors indicate a high potential for the further development of
the presented solutions.

Figure 6. Three-dimensional-printed pistons integrated with the piston rod and seal [41].

The complete design, manufacturing, and testing process was presented by Li et al. [2].
The authors described a double-rod actuator with a metallic liner reinforced with a CFRP
overwrap (Figure 7). The end caps were connected to the barrel liner with screws, which
ensured the possibility of servicing. The paper includes a liner material selection process
and FEM calculations for a multi-material barrel, as well as a description of the manufactur-
ing process. The prototype consisted of an aluminum alloy liner on which composite layers
were applied by means of filament winding and hand laminating, and it had an internal
diameter of 75 mm, a piston rod diameter of 30 mm, and a barrel length of 80 mm. The
design pressure was 21 MPa with a maximum pressure of 31.5 MPa. The designed laminate
had layers arranged at an angle of 0 and 90 to the axis of the cylinder. The FEM calculations
did not use the strength hypotheses specific to composite materials, and the stresses were
presented according to the Huber-von Mises hypothesis. The authors performed leakage
and friction tests, as well as deformation measurements. The proposed design approach
managed to reduce the barrel weight by more than 56% while maintaining the current
operating parameters.

£8 1

O __ il W==0

Figure 7. CFRP hydraulic cylinder prototype designed by Li et al. [2].

Coskun and Sahin presented a novel approach to the design of a composite hydraulic
cylinder [42]. This solution was inspired by composite pressure vessels, in which the
composite winding is made not only on the cylindrical part, but also on the domes (Figure 8).
In the case of an actuator, this solves the issue of connecting the end caps to the barrel. The
authors focused on the computational part in which they optimized the structure of the
barrel material using FEM and steepest ascent methods. The described solution allows the
mass of the element to be significantly reduced and the problem of connecting the barrel
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with the end caps to be eliminated. On the other hand, in the event of failure, it significantly
hinders the servicing of such an actuator.

Figure 8. Schematic visualization of the composite hydraulic cylinder design by Coskun and
Sahin [42].

Lubecki et al. conducted tribological tests using the ball on disk method [43,44] and
adhesive tests using the pull-off method [45,46] of potential materials for the inner coating
of the composite barrel. The aim was to replace the steel liner used so far in most designs.
From these tests, it was concluded that the best material was thermosetting polyurethane,
which achieved the best adhesion results to the composite substrate, as well as a low
coefficient of friction and low wear. The team also conducted thermomechanical tests on
PET plastic confirming its suitability for the end caps of a hydraulic cylinder [47]. The
authors presented the FEM analysis taking into account the non-linearity of the material
and experimental validation on the completed end cap prototype (Figure 9). The presented
end cap was intended for use in a cylinder with an internal diameter of 40 mm. Prototype
tests were carried out at an internal pressure of 25 MPa.

Figure 9. End cap made of PET plastic tested by Lubecki et al. in [47].

The next paper presents theoretical calculations and an experimental analysis of the
deformation of a barrel of a tie-rod hydraulic cylinder [48]. The authors indicated that
the load distribution in the real cylinder differs from that usually assumed in theoretical
calculations. An example of calculating the strength of a composite cylinder using the
classical laminate theory method was also presented. The authors pointed out that during
the strength calculations of the composite barrel, it is crucial to correctly identify the loads.
Even small deviations from the actual distribution may result, in the case of a strongly
anisotropic material, in obtaining incorrect values of the stresses and strains in the layers.
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4. Patents

Searching the patent databases, one can find a number of solutions of hydraulic and
pneumatic actuators using composite materials in their design. Patent US4685384A [49]
presents a hydraulic composite actuator, the barrel of which would consist of an internal
liner ensuring appropriate conditions for cooperation with the piston and an external com-
posite reinforcement. The integrity of the element is ensured by an additional longitudinal
overwrap that connects the front cap with a tail joint and is fixed on the supporting ring by
means of a form fit and an additional circumferential overwrap (Figure 10).

Figure 10. The connection of actuator elements proposed in patent US4685384A [49]: 1—barrel,
3—piston, 4—piston rod, 5—front cap, 6—front joint, 8—end cap, 9—tail joint, 15—hoop winding,
25—longitudinal winding, 26—retainer ring, 27—retainer wire, 30—circumferential winding, and
35—end plate.

A different approach is proposed in patent US5415079A [50]. Here, the connection is
made by specially shaping both ends of the liner. The helical winding is made in such a
way that the turn takes place on the outer parts of the diameter change, which results in a
permanent connection between the liner and the composite. End caps are connected to the
cylinder by a threaded connection (Figure 11).
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Figure 11. A form-fit connection of liner and composite overwrap shown in US5415079A [50].

Patent US5435868A [51] describes a method of manufacturing composite barrels with
internal threads at the ends using the filament winding method (Figure 12). It uses a
cylindrical core with threaded inserts (36) placed on it. The barrels (10), with smooth parts
(12) and threaded parts (20), (22) are produced by a winding process and separated from
each other by distances (58). After the process, the core is pulled from the center and the
threaded inserts are unscrewed from the barrels. In this way, the outer thread contour of
the inserts is transferred to the inner thread of the composite barrel. The advantage of this
method is that it can produce multiple elements on a single core.
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Figure 12. A method of producing composite barrels with internal threads at the ends [51].

Patent US5465647A [52] shows a method of connecting a composite barrel with an end
cap (Figure 13) by making a groove (34) inside the barrel (10) cooperating with a barb (38)
of the cover (14). In order to increase the stiffness of the connection, after its completion, an
expanding ring (42) is used, whose task is to press the skirt (36) of the cover against the
inner wall of the barrel. As a rule, such a connection is inseparable.

10 36 38 32 14
16 1 44 h

40

A\ 42

A sk L

O

T

Figure 13. The method of connecting the composite barrel with the end cap [52].

Another approach to detachably connect the barrel with the end cap was presented in
US7240607B2 [53] (Figure 14). The barrel (12) has a groove (28) made on its outer surface
(26) in which holes (30) are drilled radially. The groove (28) is designed to receive the
split ring (20) also with holes (44). An end cap (16) with tapped holes (40) matching
the holes in the ring (44) and barrel (30) is placed inside the cylinder. The connection is
made by means of screws (22). The advantages of this solution are the ease of connecting
and disconnecting elements using popular tools, the possibility of using pipes available
on the market, and improving the load distribution through the use of a ring. Due to
the machining of the composite cylinder, the immediate and fatigue strength of such a
connection may be reduced.

Figure 14. The method of connecting the cylinder and end cap by means of a split ring and screws [53].
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5. Commercial Designs

In 2014, Parker Hannifin introduced a line of Lightraulics actuators consisting of a
whole range of elements in which the barrel is reinforced with a composite overwrap.
According to the manufacturer, these cylinders can work at operating pressures up to
70 MPa with a simultaneous weight reduction of up to 60%, increased corrosion resistance,
reduced susceptibility to vibration, and high resistance to fatigue loads [54,55]. Inside the
barrel, there is a steel or aluminum liner that ensures tightness, appropriate conditions
for cooperation with the piston, and transmitting axial forces. The composite overwrap is
made only circumferentially (Figure 15a). In most designs, the end caps are connected to
the steel liner by means of a threaded connection. The exceptions are the cylinders with a
very short stroke (the ratio of the piston diameter to the stroke is close to 1:1), where there
is a variant of connecting the end caps using tie-rods (d). Short stroke cylinders (referred
to as heavy duty) come in piston diameters from 160 mm to 310 mm and a stroke from
150 mm to 300 mm. More slender solutions, mainly intended for marine applications, can
be ordered for a piston diameter up to 125 mm and a stroke up to 2500 mm.

a)

Figure 15. Examples of Parker Lightraulics actuator designs: (a) a cross-section showing the cylinder
structure, (b) a cylinder with a high stroke-to-diameter ratio, (c) a cylinder with a low stroke-to-
diameter ratio, and (d) a cylinder with a low stroke-to-diameter ratio with tie-rods [55].

Composite cylinder hydraulic cylinders called PolySlide are manufactured by Poly-
gon [56,57]. The manufacturer declares increased resistance to impact and corrosion as
well as improved conditions of cooperation with the seal in relation to steel surfaces. The
manufacturer offers solutions with several variants of the end caps connection with the
cylinder (Figure 16): press-fit, using snap rings, pins, adhesive connections, and even
threaded connections.
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Figure 16. Various designs offered by Polygon [56].

Composite actuators are also offered by Liebherr [58]. The company describes ad-
vantages such as high strength and stiffness, low weight, good fatigue properties, and
corrosion resistance.

6. Conclusions and Outlook

The development of composite hydraulic cylinders has gained momentum in recent
years. This is indicated by the growing number of publications in scientific journals, patents,
and the appearance of commercial structures on the market. The patents focus mainly on
the methods of producing composite cylinders and their combination with end caps. The
authors of scientific papers also deal with the issues of strength calculations of composite
cylinders and the methods of eliminating the steel liner and replacing it with polymer
materials. Creative ways to use the properties of composite materials to embed the piston
position sensors in the structure of the element are also indicated.

Development work has been carried out on a wide spectrum of sizes and working
pressures from micro scale [41] to conventional sized elements [20,26,27,38,54]. With more
conservative designs, it is already possible to achieve satisfactory performance results
today [54], but for more innovative designs, more tests are needed [33,34,41].

Despite the laying of the foundations for the working structures of composite hydraulic
cylinders, it seems necessary to carry out work in the following directions:

e  Material selection and testing for a non-metallic liner. There is no doubt that there
are many promising materials that should be subjected to this test. They can be both
homogeneous materials as well as composites reinforced with particles in macro-,
micro-, or nano-scales.

e Development and validation of an algorithm that optimizes the structure of the cylin-
der material (type of material and number and angle of layers) using the already
published calculation methods.
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e  Conducting long-term tests of the developed prototypes to determine the structural
integrity of the designs as well as liner-braid adhesion.

e  Anattempt to further eliminate metallic materials from the actuator structure (piston,
piston rod, and end caps), which would improve its resistance to environmental
conditions and eliminate the influence of the magnetic field on the operation of
the element.
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