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Abstract 
This work describes the design, implementation and first results of a fatigue test rig capable of subjecting 

cylindrical specimens of different sizes and materials to complex real-life loading conditions. The 

resulting test rig can be used to combine a rotating bending load with a fluctuating torsional load. Due to a 

closed electromechanical loop, power consumption is limited and a maximum test frequency of 50Hz can 

be obtained for both the bending and the torsion. In addition, the optimal control strategy is determined 

using analytical techniques in order to simulate the test rig and to further reduce the power requirements 

for both electrical motors. Bending moments of 5–150 Nm can be combined with torsional moments of 5–

100 Nm at test frequencies between 2 and 50 Hz, leading to a significant advantage with respect to 

conventional fatigue testing techniques. 

 

In general, the presented test rig concept allows accelerated multi-axial fatigue tests on steel specimens, 

leading to a reduction of the time and cost needed for experimental validation of analytical and numerical 

fatigue calculations. Additionally, multi-axial fatigue criteria will be studied for different specimen sizes, 

geometries and materials. Furthermore, the test rig concept consists of conventional mechanical 

components making it relatively straightforward to implement and economically feasible. 

1 Introduction 

Various mechanical components such as driveshafts, windturbine propeller blades, suspension parts, 

machine components, etc. are subjected to multi-axial fluctuating loading conditions. This results in 

complex stress-strain distributions at critical locations of the geometry. Fatigue analysis of these 

components can be done with traditional analytical and numerical techniques using an equivalent uni-axial 

loadcase. This way, the standardized material data from Wöhler’s rotating bending tests can still be used 

to evaluate the fatigue strength.  

The state of stress and strain becomes more complicated when asynchronous loading conditions with 

variable amplitude are applied. A large number of theories are available to determine equivalent uni-axial 

loading conditions for synchronous loadings [1]. Additional research using experimental methods is 

necessary to improve the knowledge of the fatigue phenomena under asynchronous conditions. This 

requires the use of fatigue test rigs that are capable of applying and controlling real-life multi-axial loading 

conditions on standardized test specimens. A variety of testing methods based on different types of 

loading and specimen geometries can be found in literature. Moreover, a detailed overview is given by D. 

Socie [2] and W. Weibull [3]. One of the first concepts for complex multi-axial fatigue loading is based on 

the combination of bending and torsion of a solid shaft using hydraulic actuators [4,5]. This method has 

been used extensively because it duplicates one of the more important multi-axial loading conditions 

found in structures and components. Various load combinations can be applied but like in many other 



experimental concepts, the test frequency is limited to ±25 Hz and the maximum values of the bending 

and torsional moments are limited at this frequency. In the present work, an attempt has been made to 

address this with the development of a novel concept for a multi-axial fatigue test rig. The resulting test 

rig allows a variety of real-life load conditions to be imposed on cylindrical test specimens of different 

sizes and materials. Proportional and non-proportional bending and torsion can be applied at test 

frequencies up to 50 Hz, leading to a significant advantage with respect to conventional fatigue testing 

techniques. 

2 Test rig concept and specimen geometry 

Some properties of the multi-axial fatigue test rig are listed in Table 1. The experimental setup allows 

testing of steel and plastic cylindrical components of different diameters under multi-axial loading 

conditions. The high test frequency (≤50Hz) enables accelerated fatigue experiments on metals while the 

low test frequency (≥2Hz) allows tests on polymers without heat dissipation. To ensure a variety of 

possible loading combinations, fluctuating bending and torsional stresses are introduced using two 

independable exciter systems. In addition, a straightforward experimental concept is achieved which is 

economically feasible thanks to the use of commercially available components. Finally, the fatigue test rig 

concept is conform with the relevant standards for introducing bending and torsional stress [6, 7].  

Requirement Value Unit 

Torsional moment 5-100 [Nm] 

Bending moment 5-150 [Nm] 

Test frequency 2-50 [Hz] 

Diameter specimens 5-15 [mm] 

Length specimens 60-150 [mm] 

Table 1: Test rig properties 

The final concept of the test rig as presented in Figure 1 is based on a combination of fluctuating loading 

in torsion by means of two asynchronous servo-motors and four point rotating bending loading using 

adjustable ball bearings and a linear sliding system. 

 

Figure 1: Test rig concept and components: servo-motor (1), pneumatic table (2), L-shaped frame (3), 

adjustable motor support (4), lamella-type joint (5), self-aligning ball bearing (6), linear slider for 

demounting (7), linear slider for bending load (8), incremental encoder (9), telemetry system (10), ER-

type specimen holder (11), cylindrical test specimen (12) 



A cylindrical test specimen (12) is clamped in two ER-type clamping holders (11) to ensure a rigid and 

aligned connection and to be able to easily mount specimens of different diameters using conventional 

ER-collets with inner diameters ranging from 3 to 26mm. All the components in the test rig are torsionally 

stiff so that fluctuating loading in torsion can be applied using two asynchronous servo-motors (1) of 

70kW each. One motor runs at constant speed while the other motor applies a fluctuating torque on the 

rotating test specimen. To reduce the overall power consumption, a closed electromechanical loop is made 

by connecting the DC-bus of the motorcontrollers. Both the motors can also function in generator-mode 

and by doing so, a substantial electrical power saving can be acquired. 

Fluctuating bending stress is introduced on the test specimen by moving the housings of the two self-

aligning ball bearings (6) in the y-direction using the linear sliding system (8). The two lamella-type joints 

(5) allow for this angular deflection, causing a pure bending moment on the test specimen. Consequently, 

a rotating shaft leads to alternating tension and compressive stresses in the test specimen. Moreover, the 

frequency, phase and amplitude of the rotating bending load can be controlled independently with respect 

to the fluctuating torsional load. Hence, all possible combinations of bending and torsion can be applied 

on the test specimens and real-life load conditions can be simulated with high accuracy. 

The linear slider (7) in the x-direction is used to dismount specimens between two subsequent fatigue 

tests. The right part of the lamella-type joint (5) can be opened so that the ER specimen holder (11) can 

slide in the joint and the specimen can be (dis)mounted. This system can be used for specimens with 

lengths ranging from 60 to 150mm. Furthermore, the complete test rig can be adapted to test even smaller 

or larger specimens by moving the aluminium motor supports (4) on the L-shaped frame (3). The 

connection between the motor supports and the frame is made with dowel pins and DIN912 bolts so that in 

any configuration a perfect alignment of the motors and the test specimen can be guaranteed. The L-

shaped frame (3) is designed to resist vibrations up to 200 Hz and to show very little deflection in torsion 

(0,02°) and bending (0,03mm) when loaded at maximum amplitudes. 

 

Figure 2: Test specimen geometry 

A toroidal test piece geometry with varying circular cross section is used according to the relevant 

standards for rotating bending [6] and torsional stress fatigue testing [7] as illustrated in Figure 2. 

Statistical variation of the fatigue properties is limited because there is only a small critical cross section in 

the middle of the test sample. Table 2 gives an overview of the geometry and the material properties of the 

steel and plastic test specimens that will be used in this research. For each material, axisymmetric 

specimens will be produced with clamping lengths of 45mm and critical diameters (d) of 5, 10 and 15mm. 

Material Geometry Material properties 

 R Lo D E G Rm Rp0.2 σE,b τE,t 

 Mm mm mm GPa GPa MPa MPa MPa MPa 

Steel-C40E 8d 3d 1.28d 210 81 650 460 350 210 

SLS-PA12 10d 5d 1.64d 2.9 0.97 53 32 25 16 

Table 2: Test specimen geometry and material properties 

Conventional turning, grinding and polishing will be used to manufacture the specimens in steel, while 

additive manufacturing techniques like selective laser sintering (SLS) will be used to produce notched and 

unnotched specimens in polyamide (PA12). Complex geometries can be created with this technique by 

fusing preheated powder particles layer by layer with a CO2-laser. Sintered material forms parts, whilst 



un-sintered material remains in place to support the structure. The main advantage of this production 

technique is the high geometrical freedom and the possibility to control the number and size of material 

defects in the critical cross section. Because of the additive fabrication process, however, stress 

concentrations are more pronounced in the outer surface layers [8]. For that reason, the toroidal test 

specimens have a fillet radius (R) equal to ten times the inner diameter. Finite element calculations show 

that the theoretical stress concentration factor kt for torsion and bending is lower than 1.01 for all test 

sample geometries. 

3 Data monitoring 

To accurately control and monitor the applied bending and torsional stresses, a state-of-the art strain gage 

based telemetry system is implemented on one of the ER-type shafts (10 and 11 in Figure 1). One full 

strain gage bridge is used to measure four shear-strain gages aligned at 45° with respect to the shaft 

centerline as indicated in the left part of Figure 3. To compensate for the bending of the shaft, two of these 

gages are placed on the other side of the shaft. Another full strain gage bridge is used to measure the 

bending stress by monitoring a configuration of four strain gages placed 90° apart. An additional channel 

is used to monitor the temperature of the shaft during the experiments. 

 

Figure 3: Position of strain gages 

Figure 4 gives an overview of the different components of the ER-type specimen holder with telemetry 

system. The shaft (A) is subjected to both bending and torsional moments and therefore produced from a 

hardened and tempered tool steel with high endurance limit, fine surface quality and high toughness 

leading to an improved fatigue resistance. The diameter of 25mm is determined from an analytical fatigue 

life calculation with the FKM-code and a safety factor of 2.5.  

A B

C D E
F

 

Figure 4: ER specimen holder with steel shaft (A), strain gages (B), telemetry unit (C), inductive head (D), 

ER clamping nut (E), ER collet (F) 



The strain gages (B) for torsion (Vishay SK-06-062TH-350) and bending (Vishay WK-06-062AP-350) are 

all fully encapsulated K-alloy gages with high fatigue life and excellent stability. This is the preferred 

choice for accurate strain measurements over long periods of time [9]. The shear strain (γ) and axial strain 

(ε) under maximum loading are well below the endurance limits of the strain gages as indicated in 

Equation 1 and 2. To ensure maximum service life, a high quality two-component epoxy resin is used to 

attach the gages to the shaft. This adhesive is oven-cured to ensure a strong, extremely thin and void-free 

connection in order to minimize creep, hysteresis and linearity problems. 
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The strain gage signals are first amplified and filtered after which they are transformed into an equivalent 

frequency signal (100 kHz ± 20kHz) which is modulated onto a carrier frequency. This is done with a 

small and lightweight digital unit (C) connected to the shaft and powered by an inductive head (D) with 

stator. Some properties of this digital unit are presented in Table 3. 

Dimensions 45x25x10mm 

Mass <14g 

Input range ±2mV to ±2V 

Resolution 16bit 

Accuracy ±0.01% - ±0.025% 

Sampling rate 4.8kHz max 

Anti-aliasing filter 6-pole Butterworth 

Bridge excitation 4.096V 

Table 3: Digital telemetry unit 

The end-part of the shaft (E) is equipped with a ER40 type bore to fit high precision ER collets (F). 

Consequently, a large range of specimen diameters can be easily clamped in this specimen holder. Before 

testing, the shaft with telemetry system is balanced and the wheatstone bridges are calibrated using a 

conventional wireless torque sensor. During operation, the telemetry system offers the advantage that both 

bending, torque and temperature can be measured accurately without adding a large mass to the rotating 

parts and thus maintaining the symmetric mass balance on the left and right sides of the specimen, which 

is required for the rotating loading in bending. In addition, two incremental encoders are used to measure 

the angular speed difference between the left and the right ER-type specimen holder in order to verify the 

strain gage based measurements. 

4 Dynamical analysis 

The test rig can be represented by a two degree of freedom torsional mass-spring system as indicated in 

Figure 5. The inertias of the servo-motors are represented by JM and JL respectively. The global rotational 

stiffness of the joints, shafts and test specimen is represented by K and the angular degrees of freedom by 

θr1 and θr2. 

Js, K
JM JL

ωr1

θr1

ωr2

θr2  

Figure 5: Torsional mass-spring representation 



The dynamical behavior of this system is depending on the position of the adjustable motor supports and 

also on the geometry and material of the test specimen as described in Table 1and Table 2. Therefore, 

Matlab is used to simulate the dynamics for all possible configurations. For any test rig configuration, two 

trivial eigenfrequencies can be calculated for the system shown in Figure 5. In the first case (ω1), one 

inertia is fixed while the other one oscillates. In the second case (ω2) JM and JL oscillate out of phase.  
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For a steel test specimen with critical diameter of 15mm, ω1 equals 24,5 Hz and ω2 equals 34,7 Hz. To 

study other possible excitation possibilities, the equations of motion are derived based on the kinetic and 

potential energy (EK and EP) and using Lagrange [10] as indicated in Formulas 5 and 6. 
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Formula 6 is solved for the two degrees of freedom θr1 and θr2 leading to two equations of motion as 

indicated in Formula 7 and 8. Using these equations, the required torque (TM and TL) for both servo-

motors is calculated for all possible test conditions. This simulation is done in Matlab based on the scheme 

as shown in Figure 6. A double for-loop is used to vary the test frequency f between 0-100Hz and the 

amplitude θ of the first degree of freedom θr1 between –π and π rad.  

Specimen
geometry

K, Js

Eq. of Motion

-∏< θ < ∏

Ts

TM and TL

0Hz<f<100Hz

JM, JL

 

Figure 6: Matlab simulation scheme 

First, the angular difference dθ that is required to impose a certain torque Ts on the test specimen is 

calculated as indicated in Formula 9. This is then used to define the sinusoidal varying degrees of freedom 

θr1 and θr2 and their second derivatives as shown in Formula 10-13. During the complete simulation, a 

sinusoidal torque with amplitude Ts and frequency f is imposed on the specimen for θ-values ranging from 

–π to π. The first trivial case as described in Formula 3 will occur when θ = 0 or when θ = dθ so that one 



inertia is standing still and the other inertia oscillates. The second trivial case as described in Formula 4 

will occur when θ = ±dθ/2 so that both inertias oscillate out of phase. 
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All other possible conditions are also simulated and the maximum values of TM and TL are then plotted as 

a function of θ and f as shown in Figure 7. This plot is made for the most critical case, meaning maximum 

shear stress in a steel specimen with a critical diameter of 15mm. Furthermore, two horizontal (green) 

planes are added to the plot, representing the nominal torque of 130Nm for both servo-motors. These two 

planes representing Tnom and TL are shifted horizontally by -10.000Nm for readability. The limits of the 

test rig are then presented by the intersection of the green nominal-torque planes and the red or blue 

required-torque planes as calculated in Matlab. For the most critical condition, a control strategy can be 

found leading to a test frequency of 57 Hz which is above the requirement of 50Hz. At this point, the two 

servo-motors are operating at their nominal torque. For all other specimen geometries and materials, 

higher test frequencies can be applied up to 100Hz. 

 

Figure 7: Simulation results 



5 Conclusions 

The resulting concept of the test rig allows real-life loading conditions to be applied on steel and plastic 

test specimens of different sizes and geometries. One of the electric motors is used to rotate the test 

specimen at constant speed. The other motor applies a fluctuating torque on the test specimen. At the same 

time, two bearing houses near the test specimen can be moved to apply a rotating bending load on the test 

specimen. The self-aligning ball bearings in these housings and the lamellar-type joints on the motor 

shafts allow for this angular deflection while assuring a torsionally stiff system. 

A state-of-the art strain gage based telemetry system is implemented to measure the torque and the 

bending load with high accuracy. Furthermore, two incremental encoders are used to measure the 

rotational deflection of the specimen during every experiment. Bending moments of 5–150 Nm can be 

combined with torsional moments of 5–100 Nm at test frequencies between 2 and 50 Hz. Matlab is used to 

simulate the dynamic behavior of the test setup taking into account the influence of the large variety of test 

specimen material and geometry. By doing so, an optimal control strategy can be found to operate the test 

rig for any configuration at high test frequency and with minimal energy consumption. 

In general, the presented test rig allows accelerated multi-axial fatigue tests on steel specimens, leading to 

a reduction of the time and cost needed for experimental validation of analytical and numerical fatigue 

calculations. Additionally, multi-axial fatigue criteria can be studied for different specimen sizes, 

geometries and materials. Furthermore, the concept consists of conventional mechanical components 

making it relatively straightforward to implement and economically feasible. 
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