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Abstract. Hydraulic actuators are key components in moving appliances, that enable large 

load-carrying capacities despite their compact dimensions. During operation, they are sub-

jected to compressive forces and time‑variable actions, such as vibrations and oscillations 

induced by moving payloads, which may significantly influence their stability. Under these 

conditions, actuators can be exposed to progressive buckling, which is affected by geometric 

imperfections, component slenderness, boundary conditions, straightness deviations, and the 

stiffness of wear rings. Accurate prediction of the limit load of hydraulic actuators (i.e., the 

maximum load that prevents buckling and material yielding) is essential for improving struc-

tural safety and obtaining optimized designs. The present work investigates the progressive 

buckling behavior of a hydraulic actuator through laboratory experiments, conducted with 

two boundary conditions and different wear ring materials. The analysis of bending stress vs. 

applied pressure curves enabled the identification of the critical load values for the analyzed 

actuator in the various loading configurations. The tested wear ring materials were found to 

have a negligible influence on both limit and critical pressures for pinned-pinned configura-

tion, while a small influence can be noticed for fixed-pinned case. The obtained results con-

tribute to a deeper understanding of the structural behavior of hydraulic actuators used in 

moving appliances and support the development of more reliable and efficient design meth-

odologies.
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1 INTRODUCTION 

Hydraulic actuators are widely used in civil and industrial applications to generate forces 

and controlled displacements. Despite their compact size, they provide the high load‑carrying 

capacities required to operate large structures and machinery. Since they typically operate un-

der compressive loads, assessing their progressive buckling behavior is essential to ensure 

structural integrity. This response depends on several factors, including component slender-

ness, load eccentricity, wear ring stiffness, geometric imperfections, and boundary conditions. 

In real moving appliances, hydraulic actuators are subjected to time‑variable actions, such as 

vibrations and oscillations induced by moving payloads, as well as dynamic disturbances 

transmitted through the supporting structure. These effects may significantly influence the 

buckling stability of the actuator system. Moreover, material yielding must be prevented 

throughout the service life, making the correct determination of an actuator’s safe operating 

limits a fundamental design requirement.  

The simplest way to estimate the critical buckling load of a hydraulic actuator is to apply 

Euler‑type formulations to simplified representations of the rod-cylinder system, such as a 

single‑beam model [1], a rigid‑cylinder assumption [2], or a two‑beam configuration [3]. The 

influence of internal pressure, actuator weight, misalignment, friction, and clearance at the 

rod-cylinder interface has been investigated in the literature [4-11]. Additional modeling ap-

proaches include the incorporation of seal and bearing effects [12] and analyses of telescopic 

cylinders accounting for eccentric loads and lateral forces [13]. Baragetti and Villa [14] fur-

ther highlighted the influence of rectilinear imperfections and wear ring stiffness. These stud-

ies converged in the ISO/TS 13725 standard [15], which provides methods for evaluating 

cylinder buckling loads within the framework of elastic buckling theory. 

The objective of this work is to experimentally characterize the progressive buckling be-

havior of a slender hydraulic actuator under different boundary conditions and with wear 

rings made of various materials [16-18]. Experimental evidence showed that the stiffness of 

the tested wear rings has a negligible effect on the actuator buckling behavior in the pinned-

pinned configuration, whereas a modest influence emerges in the fixed-pinned case. These 

findings enhance the understanding of the structural behaviour of hydraulic actuators and con-

tribute to the development of more robust and efficient design methodologies. 

2 MATERIALS AND METHODS 

Experimental tests were conducted on a custom-made steel hydraulic actuator mounted on 

a test frame [16],  as shown in Figure 1a. The actuator was manufactured from S235 steel, and 

its main dimensions and mechanical properties are summarized in Table 1. The cylinder was 

connected to the lower support of the frame, whereas the rod was connected to the upper sup-

port. The pinned connection shown in Figure 1b was used at the rod end in all tests and, in the 

pinned-pinned configuration, also at the cylinder end. In the fixed-pinned configuration, the 

cylinder end was instead restrained by means of the fixed connection shown in Figure 1c. The 

actuator consisted of a cylinder, rod, piston, intermediate disk, cap, O-rings, and four wear 

rings, as illustrated in Figure 1d. The examined wear rings were made of PLA, nylon, PA, and 

composite material. Each combination of boundary condition and wear ring material was test-

ed three times and the corresponding average values were subsequently analyzed.  

During each test, the internal oil pressure was gradually increased using a manual hydrau-

lic pump until the stress state approached the onset of material yielding, which corresponds to 

the limit load condition. To monitor the evolution of the stress-strain state, uniaxial strain 

gauges aligned with the actuator axis were installed at selected axial sections along the cylin-

der and the rod. At each monitored section, four strain gauges were positioned around the cir-
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cumference at angular intervals of 90°. The monitored axial sections were located at distances 

of 115, 815 and 965 mm from the rod end and 819 and 978 mm from the cylinder end. A 

half‑bridge Wheatstone circuit with active and dummy strain gauges was adopted to ensure 

temperature compensation and suppress thermal effects in the acquired signals. The resulting 

dataset provides strain measurements for discrete pressure levels. 

 

 

 

b) 

 

a) c) 

 

 

1 Cylinder 
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3 Piston 

4 Cap 

5 Intermediate disk 

6 O-ring 

7 O-ring 

8 Wear ring 

9 Wear ring 
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d)    

Figure 1: Experimental setup, adapted from [16]: a) overall view of the test apparatus; b) pinned-end connection; 

c) fixed-end connection; d) exploded view of the actuator assembly. 
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Parameter Value Parameter Value 

Rod diameter 20 mm Material S235 steel 

Cylinder outer 

diameter 

30 mm Yield stress 235 MPa 

Cylinder inner 

diameter 

25 mm Ultimate tensile 

strength 

360 MPa 

Rod length 1165 mm Density 7850 kg/m3 

Cylinder length 1276 mm Young’s modulus 206,000 MPa 

  Poisson’s ratio 0.30 

 

Table 1: Main specifications of the tested hydraulic actuator [16]. 

3 RESULTS 

To interpret the experimental results, the bending stresses were obtained by subtracting the 

axial component from the measured total stresses and were then plotted as a function of the 

applied pressure (Figure 2). The experimental points exhibit clear asymptotic trends, enabling 

the identification of critical pressures for each combination of boundary condition and wear 

ring material. The data were fitted using an asymptotic function of the form shown in Formula 

1: 

� = �/(� − �) (1) 

where a is a constant, b is the critical buckling pressure and p is the applied pressure. 

For the pinned-pinned configuration, the stiffness of the tested wear ring materials shows 

negligible influence on the critical pressure, which falls within the narrow range of 81-83 bar. 

The fitting quality is excellent for all materials, indicating that the asymptotic model accurate-

ly captures the progressive buckling behavior. The maximum pressure applied in the experi-

mental tests, which approximately corresponds to the limit pressure, i.e., the pressure 

associated with the onset of material yielding, is 80 bar and is therefore very close to the criti-

cal buckling pressure. This proximity confirms the actuator’s significant susceptibility to 

buckling in the pinned-pinned configuration and is consistent with the experimental observa-

tions, where bending of the actuator was clearly detected during the tests. 

For the fixed-pinned configuration, the results appear globally more scattered, with the ex-

ception of the composite material that shows an almost perfect fit. Critical pressures are sig-

nificantly higher than in the pinned-pinned case, ranging approximately from 131 to 145 bar, 

as expected due to the presence of more restrictive boundary conditions. An increased varia-

bility in the bending response can therefore be observed, likely due to differences in wear ring 

stiffness and frictional interaction. As already shown in [18], wear rings made of PLA and 

nylon exhibit very similar behaviors. The present study, however, reveals a distinct trend for 

the composite wear ring, characterised by an initial phase in which the bending stress increas-

es slowly with the applied pressure, followed by a second phase where the increase rate be-

comes markedly steeper. As regards the assessment of the limit load, all tests were conducted 

with a maximum applied pressure of 130 bar. By considering this value as an estimate of the 

limit pressure, it can be observed that the limit load is close to the critical buckling load for 

the different wear ring materials. In the case of the composite wear ring, the maximum pres-

sure applied in the experiments is essentially coincident with the critical buckling load. 

 

2859



Emanuele Vincenzo Arcieri and Sergio Baragetti 

 

 

Figure 2: Bending stress vs. applied pressure curves [16-18]. 

4 CONCLUSIONS 

In this work, the progressive buckling behaviour of a slender hydraulic actuator was inves-

tigated under different boundary conditions and using various wear ring materials. The results 

showed that the bending stress trends exhibit vertical asymptotes corresponding to the critical 

pressures for each configuration and wear ring material. The boundary conditions strongly 

influence the buckling response of the actuator: the fixed-pinned configuration reaches signif-

icantly higher critical loads than the pinned-pinned case. Wear ring material has negligible 

influence in the case of pinned-pinned configuration, whereas a slight influence is observed in 

the fixed-pinned case. Furthermore, the limit load, identified as the pressure at the onset of 

material yielding, was found to lie very close to the critical buckling pressure in the 

pinned‑pinned configuration, indicating a narrow safety margin between yielding and instabil-

ity. The experimental results contribute to a more accurate understanding of progressive buck-

ling in hydraulic actuators and support the development of improved design methodologies 

for moving appliances. 

2860



Emanuele Vincenzo Arcieri and Sergio Baragetti 

REFERENCES  

[1] F. Bleich. Buckling Strength of Metal Structures. McGraw‑Hill, New York, NY, 1952. 

ISBN: 978-0-07005-890-3. 

[2] O. Belize. Scienza delle Costruzioni, vol. 4. Zanichelli, Bologna, Italy, 1989. ISBN: 

978-8-80801-252-4. 

[3] S. P. Timoshenko and J. M. Gere. Theory of Elastic Stability. Courier Corporation, 2012, 

2012.  ISBN: 978-0-48613-480-2. 

[4] K. Seshasai, W. Dawkins, and S. Iyengar. “Stress analysis of hydraulic cylinders”. In: 

Proceedings of the National Conference on Fluid Power. Oklahoma State University, 

1975. 

[5] S. Baragetti and A. Terranova. “Limit load evaluation of hydraulic actuators”. In: Inter-

national Journal of Materials and Product Technology 14 (1999), pp. 50–73. DOI: 

10.1504/IJMPT.1999.036260. 

[6] S. Baragetti and A. Terranova. “Bending behavior of double‑acting hydraulic actuators”. 

In: Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechan-

ical Engineering Science 215 (2001), pp. 607–619. DOI: 10.1243/095440601152098.  

[7] P. J. Gamez‑Montero, E. Salazar, R. Castilla, J. Freire, M. Khamashta, and E. Codina. 

“Friction effects on the load capacity of a column and a hydraulic cylinder”. In: Interna-

tional Journal of Mechanical Sciences 51 (2009), pp. 145–151. DOI: 

10.1016/j.ijmecsci.2008.12.007. 

[8] J. Zhou, D. Shi, C. Di, Y. Zhang, and X. Cheng. “Buckling Behavior of Horizontal Hy-

draulic Cylinder Articulated at Both Supports”. In: International Journal of Structural 

Stability and Dynamics 20 (2020), 2050033. DOI: 10.1142/S0219455420500339. 

[9] P. J. Gamez‑Montero, E. Salazar, R. Castilla, J. Freire, M. Khamashta, and E. Codina. 

“Misalignment effects on the load capacity of a hydraulic cylinder”. In: International 

Journal of Mechanical Sciences 51 (2009), pp. 105–113. DOI: 

10.1016/j.ijmecsci.2009.01.001. 

[10] W. Flugge. Stresses in Shells, 2nd. Springer, Berlin, Germany, 1990. ISBN: 978-3-

54005-322-4. 

[11] F. Hoblit. “Critical buckling for hydraulic actuating cylinders”. In: Stress Engineering, 

Product Engineering. Lockheed Aircraft Corporation, Burbank, CA, 1950, pp. 108–112. 

[12] N. Ravishankar. “Finite Element Analysis of Hydraulic Cylinders”. In: ASME Journal 

of Mechanical Design 103 (1981), pp. 239–243. DOI: 10.1115/1.3254871. 

[13] C. H. Yoo and C. R. Siegel. “Column loadings on telescopic power cylinders”. In: 

Computers & Structures 22 (1986), pp. 245–251. 10.1016/0045-7949(86)90030-1. 

[14] S. Baragetti and F. Villa. “Effects of Geometrical Clearances, Supports Friction, and 

Wear Ring on Hydraulic Actuators Bending Behavior”. In: Mathematical Problems in 

Engineering (2016), Article ID 3781397. DOI: 10.1155/2016/3781397. 

[15] ISO/TS 13725. Hydraulic fluid power — Method for evaluating the buckling load of a 

hydraulic cylinder. International Organization for Standardization, 2021. 

[16] S. Costanzo. Instabilità progressiva di attuatori idraulici: modelli teorici, numerici e ri-

sultati sperimentali. Master’s thesis, 2021. 

2861



Emanuele Vincenzo Arcieri and Sergio Baragetti 

 

[17] E. V. Arcieri and S. Baragetti. “Influence of the wear rings on the buckling behaviour of 

hydraulic actuators”. In: IOP Conference Series: Materials Science and Engineering 

1275 (2023), 012029. DOI: 10.1088/1757-899X/1275/1/012029. 

[18] E. V. Arcieri and S. Baragetti. “Progressive buckling of hydraulic actuators”. In: Proce-

dia Structural Integrity 80 (2026), pp. 418–422. DOI: 10.1016/j.prostr.2026.02.040. 

 

 

2862


