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Figure 1. Schematic representation of the mode I or mode III SED critical volumes. 
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Figure 2. Micrographs of the three investigated DCI grades, showing the respective microstructures. 
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Figure 3. Technical drawings of the specimens exploited in the fatigue tests: (a) plain specimen for axial 
tests, (b) plain specimen for torsional and multiaxial tests, (c) V-notched specimen with sharp notch radius 
and opening angle  of 60° for axial tests, (d) V-notched specimen with sharp notch radius and opening 
angle  of 60° for torsional tests, (e) V-notched specimen with sharp notch radius and opening angle  
of 60° for multiaxial tests, (f) V-notched specimen with blunt notch radius and opening angle  of 60° for
axial tests, (g) V-notched specimen with blunt notch radius and opening angle  of 60° for torsional tests, 
(h) V-notched specimen with blunt notch radius and opening angle  of 60° for multiaxial tests, (i) V-
notched specimen with sharp notch radius and opening angle  of 90° for axial tests, (j) plain specimen 
for axial, torsional and multiaxial tests of the GJS-400 grade, and (k) V-notched specimen with sharp notch 
radius and opening angle  of 60° for axial, torsional and multiaxial tests of the GJS-400 grade. d openin

cim
men with s
onal and mu

g ang

ched 
en w

harp

nal tests
s, (f) V-notc

pecimen 
blu

ional an
r axial tests

(e) V-
h

speci
d mu



9



10

Figure 4. Axial and torsional fatigue data collected by testing the (a-b) GJS-600 grade, (c-d) HSi grade 
and (e-f) GJS-400 grade , at room temperature and with a nominal frequency of 150 Hz or 3-20 Hz, 
for axial and torsional tests, respectively. The solid lines represent the experimental 50 % failure 
probability, while the colored bands the 10 to 90 % failure probability. 
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Figure 5. Schematic representation of peculiar characteristics of the investigated DCI grades. (a) diverse 
features triggering fatigue failure (micro-shrinkage porosity or graphite nodules); remarkable (b) load 
phase and (c) the mean stress effect; (d) the different notch sensitivity under mode I and mode III loading. 
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Figure 6. Schematization of the framework used to determine the mode I and III intrinsic fatigue strengths, 
and the mode I and III control radii, as function of the DCI grade. The notch depth A is equal to 0.3 D/2 
for mode I loading and 0.25 D/2 for mode III loading. 
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Figure 7. (a) Mode I plain and intrinsic fatigue strengths, (b) mode III plain and intrinsic fatigue strengths, 
and (c) mode I and III control radii, as function of the number of cycles to failure , for all the investigated 
materials. 
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Figure 8. Experimental data (data points) represented by means of an equivalent strain energy density 
(solid lines), versus the critical SEDs  and , as function of the number of cycles to failure . The 
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colored bands represent a factor equal to ± 1.5. Axial and multiaxial fatigue failures are mode I-dominated. 
Torsional fatigue failures are mode III-dominated. 
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Figure 9. Material-dependent coefficients  and , representing the mode I and III mean stress effect, as 
function of the number of cycles to failure , for all the investigated materials. 

Figure 10. Fatigue cracks in specimens made of DCI GJS-660, subjected to different loading conditions: 
(a) axial loading R = -1, (b) torsional loading R = -1, (c) in-phase multiaxial loading  = 1, R = 1,  = 
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0°, (d) (c) out-of-phase multiaxial loading  = 1, R = 1,  = 90°. In (a-c), the fatigue cracks propagated 
along the plane subjected to the maximum principal stress. This picture is a reproduction taken from . 
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Figure 11. (a) Axial and shear stresses in a general out-of-phase loading condition, (b) corresponding 
strain energy densities evolution during the loading cycle, for different phase angle  values. (c) Phase 
correction factor as a function of phase angle  and biaxiality ratio  (Eq. (18))  function
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Figure 12. Flowchart schematizing the calibration of the multiaxial fatigue criterion, depending on the 
specific investigated DCI grade. 
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Figure 13. Multiaxial fatigue predictions (solid lines) versus experimental data (data points) as function 
of the number of cycles to failure , for the (a-b) GJS-600 grade, (c) HSi grade, and (d) GJS-400 grade. 
The thin lines represent the experimental 50 % failure probability, while the colored bands the 10 to 90 % 
failure probability. 
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Figure 14. Multiaxial fatigue predictions in terms of predicted stress amplitude versus experimental stress 
amplitude for all the investigated DCI grades and different SED-based formulations: (a) complete 
formulation of the proposed criterion, with the calibrated coefficients  and , (b) simplified formulation 
of the proposed criterion, and (c) original formulation, Eq (1). 
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Figure 15. Multiaxial fatigue predictions in terms of predicted fatigue life versus experimental fatigue life 
for all the investigated DCI grades and different SED-based formulations: (a) complete formulation of the 
proposed criterion, with the calibrated coefficients  and , (b) simplified formulation of the proposed 
criterion, and (c) original formulation, Eq (1). 
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Figure 16. Experimental data (data points) represented by means of an equivalent strain energy density 
(solid lines), versus the critical SED , as function of the number of cycles to 
failure . The colored bands represent a factor equal to ± 1.5. The calculations were carried out according 
to the complete formulation of the criterion. 

 



33



34

 



35



36



37



38



39



40



41



42



43



44



45



46



47



48



49



50



51



52



53



54



55



56



57



58



59



60



61



62



63



64



65



66



67



68



69



70



71



72



73



74



75



76



77



78



79



80

[1] Bleicher C, Kaufmann H, Melz T. Assessment of service loads and material influence on the
lifetime of thick walled nodular cast iron components. Int J Fatigue 2021;147:106171.
https://doi.org/10.1016/J.IJFATIGUE.2021.106171.

[2] Benedetti M, Santus C, Raghavendra S, Lusuardi D, Zanini F, Carmignato S. Multiaxial plain
and notch fatigue strength of thick walled ductile cast iron EN GJS 600 3: Combining
multiaxial fatigue criteria, theory of critical distances, and defect sensitivity. Int J Fatigue
2022;156. https://doi.org/10.1016/j.ijfatigue.2021.106703.

[3] Onsøien MI, Skaland T, Jørgensen K. Mechanisms of graphite formation in ductile cast iron
containing rare earth metals. Materials Science and Technology 1999;15.
https://doi.org/10.1179/026708399101505815.

[4] Riposan I, Chisamera M, Uta V, Stan S, Naro R, Williams D. The Importance of Rare Earth
Contribution from Nodulizing Alloys and their Subsequent Effect on the Inoculation of
Ductile Iron. International Journal of Metalcasting 2014;8.
https://doi.org/10.1007/BF03355583.

[5] Papadopoulos I. A comparative study of multiaxial high cycle fatigue criteria for metals. Int
J Fatigue 1997;19. https://doi.org/10.1016/S0142 1123(96)00064 3.

[4]

Ons
ont
htt

]

tiax
2022;156.

øien

i
otch
al fa

htt

M, tus C
atigu

walled
0.1016/J.IJ

Me
odu



81

[6] Crossland B. Effect of large hydrostatic pressures on the torsional fatigue strength of an
alloy steel. International conference on the fatigue of metals, London: Institution of
Mechanical Engineers; 1956, p. 138–49.

[7] Sines G. Metal Fatigue. New York: McGraw Hill; 1959.

[8] Carpinteri A, Spagnoli A, Vantadori S. Multiaxial fatigue assessment using a simplified
critical plane based criterion. Int J Fatigue 2011;33:969–76.
https://doi.org/10.1016/J.IJFATIGUE.2011.01.004.

[9] Findley WN. A Theory for the Effect of Mean Stress on Fatigue of Metals Under Combined
Torsion and Axial Load or Bending. Journal of Engineering for Industry 1959;81.
https://doi.org/10.1115/1.4008327.

[10] Matake T. An Explanation on Fatigue Limit under Combined Stress. Bulletin of JSME
1977;20. https://doi.org/10.1299/jsme1958.20.257.

[11] Stanfield G. Discusson on “The strength of metals under combined alternating stresses.” In:
Gough H, Pollard H, editors. Proc. Inst. Mech. Eng. 131, 1935, p. 93.

[12] BrownMW,Miller KJ. A Theory for Fatigue Failure underMultiaxial Stress Strain Conditions.
Proceedings of the Institution of Mechanical Engineers 1973;187.
https://doi.org/10.1243/PIME_PROC_1973_187_161_02.

[13] Commission of the European Communities. Joint Research Centre. Ispra Establishment.,
Metals Society., Associazione italiana di metallurgia., American Society for Metals.
Mechanical behaviour and nuclear applications of stainless steel at elevated temperatures :
proceedings of the international conference. Metals Society; 1982.

[14] J.L. R. Contribution à l’étude de la fatigue multi axiale sous sollicitations periodiques ou
aléatoire. 1992.

[15] McDiarmid DL. A general criterion for high cycle multiaxial fatigue failure. Fatigue Fract Eng
Mater Struct 1991;14. https://doi.org/10.1111/j.1460 2695.1991.tb00673.x.

[16] McDiarmid DL. A shear stress based critical plane criterion of multiaxial fatigue failure for
design and life prediction. Fatigue Fract Eng Mater Struct 1994;17.
https://doi.org/10.1111/j.1460 2695.1994.tb00789.x.

[17] Fatemi A, Socie DF. A critical plane approach to multiaxial fatigue damage including out of
phase loading. Fatigue Fract Eng Mater Struct 1988;11. https://doi.org/10.1111/j.1460
2695.1988.tb01169.x.

[18] Ince A, Glinka G. A generalized fatigue damage parameter for multiaxial fatigue life
prediction under proportional and non proportional loadings. Int J Fatigue 2014;62:34–41.
https://doi.org/10.1016/J.IJFATIGUE.2013.10.007.

[17]

de
http

Fa

McDiarmid
esign

//

mid
Stru

D

2.

d DL. ene
1991

on l’étu

r
tern

de

ean mm
one ita

lear
con

C_19

nitie

Failu
of

73_187_1

e un

nder com
131 935

Mu

mbin

ne tre

or Ind
s Un

ustry
r Com



82

[19] Ince A, Glinka G. Innovative computational modeling of multiaxial fatigue analysis for
notched components. Int J Fatigue 2016;82:134–45.
https://doi.org/10.1016/J.IJFATIGUE.2015.03.019.

[20] Yu Q, Zhang J, Jiang Y, Li Q. Multiaxial fatigue of extruded AZ61A magnesium alloy. Int J
Fatigue 2011;33:437–47. https://doi.org/10.1016/J.IJFATIGUE.2010.09.020.

[21] Liu J, Zhang Z, Li B, Lang S. Multiaxial Fatigue Life Prediction of GH4169 Alloy Based on the
Critical Plane Method. Metals (Basel) 2019;9. https://doi.org/10.3390/met9020255.

[22] Zhong B, Wang Y, Wei D, Wang J. A new life prediction model for multiaxial fatigue under
proportional and non proportional loading paths based on the pi plane projection. Int J
Fatigue 2017;102:241–51. https://doi.org/10.1016/J.IJFATIGUE.2017.04.013.

[23] Bannantine J, Socie D. A variable amplitude multiaxial fatigue life prediction method.
Fatigue under biaxial and multiaxial loading, 1989, p. 35–51.

[24] Smith KN, Watson P, Topper TH. A Stress Strain Function for the Fatigue of Metals. J Mater
1970;5:767–78.

[25] Liu K. A Method Based on Virtual Strain Energy Parameters for Multiaxial Fatigue Life
Prediction. Advances in Multiaxial Fatigue, 100 Barr Harbor Drive, PO Box C700, West
Conshohocken, PA 19428 2959: ASTM International; n.d.
https://doi.org/10.1520/STP24796S.

[26] Sun C, Song Q. A Method for Predicting the Effects of Specimen Geometry and Loading
Condition on Fatigue Strength. Metals (Basel) 2018;8.
https://doi.org/10.3390/met8100811.

[27] Jiang Y, Hertel O, VormwaldM. An experimental evaluation of three critical planemultiaxial
fatigue criteria. Int J Fatigue 2007;29:1490–502.
https://doi.org/10.1016/J.IJFATIGUE.2006.10.028.

[28] Chu C C. Fatigue Damage Calculation Using the Critical Plane Approach. J EngMater Technol
1995;117. https://doi.org/10.1115/1.2804370.

[29] Chu C C, Conle F, Bonnen J. Multiaxial Stress Strain Modeling and Fatigue Life Prediction of
SAE Axle Shafts. Advances in Multiaxial Fatigue, 100 Barr Harbor Drive, PO Box C700, West
Conshohocken, PA 19428 2959: ASTM International; n.d.
https://doi.org/10.1520/STP24794S.

[30] Berto F, Lazzarin P. Recent developments in brittle and quasi brittle failure assessment of
engineering materials by means of local approaches. Materials Science and Engineering: R:
Reports 2014;75. https://doi.org/10.1016/j.mser.2013.11.001.

[31] Neuber, Heinz. Kerbspannungslehre. Springer, Berlin Heidelberg; 1985.

[30]

] Ch
SAE
Con
ht

5;11

hu C C, C
A l

C. Fa
htt

i.org/10.1

ue D

Vormwal
riteria

016/

90/m

M

24796S

for Pred
gue

081

28 2

Ener
ue 100
959:

gy

ction fo

met

–51.

r the

tig life

plane p
17.04.013

me

axial
proje

020255

tigue



83

[32] Lazzarin P, Zambardi R. A finite volume energy based approach to predict the static and
fatigue behavior of components with sharp V shaped notches. Int J Fract 2001;112.
https://doi.org/10.1023/A:1013595930617.

[33] Berto F, Lazzarin P, Yates JR. Multiaxial fatigue of V notched steel specimens: A non
conventional application of the local energy method. Fatigue Fract Eng Mater Struct
2011;34:921–43. https://doi.org/10.1111/j.1460 2695.2011.01585.x.

[34] Tanaka K. Crack initiation and propagation in torsional fatigue of circumferentially notched
steel bars. Int J Fatigue 2014;58:114–25. https://doi.org/10.1016/j.ijfatigue.2013.01.002.

[35] Susmel L, Berto F, Hu Z. The Strain energy density to estimate lifetime of notched
components subjected to variable amplitude fatigue loading. Frattura Ed Integrità
Strutturale 2018;13:383–93. https://doi.org/10.3221/IGF ESIS.47.28.

[36] Atzori B, Berto F, Lazzarin P, Quaresimin M. Multi axial fatigue behaviour of a severely
notched carbon steel. Int J Fatigue 2006;28.
https://doi.org/10.1016/j.ijfatigue.2005.05.010.

[37] Benedetti M, Berto F, Le Bone L, Santus C. A novel Strain Energy Density based fatigue
criterion accounting for mean stress and plasticity effects on the medium to high cycle
uniaxial fatigue strength of plain and notched components. Int J Fatigue 2020;133.
https://doi.org/10.1016/j.ijfatigue.2019.105397.

[38] Marangon C, Lazzarin P, Berto F, Campagnolo A. Some analytical remarks on the influence
of phase angle on stress fields ahead of sharp V notches under tension and torsion loads.
Theoretical and Applied Fracture Mechanics 2014;74.
https://doi.org/10.1016/j.tafmec.2014.06.015.

[39] Sonsino CM, Grubisic V. Multiaxial fatigue behaviour of Sintered Steels under combined in
and out of phase bending and torsion. Materwiss Werksttech 1987;18.
https://doi.org/10.1002/mawe.19870180506.

[40] Kueppers M, Sonsino CM. Assessment of the fatigue behaviour of welded aluminium joints
under multiaxial spectrum loading by a critical plane approach. Int J Fatigue 2006;28:540–
6. https://doi.org/10.1016/J.IJFATIGUE.2005.07.046.

[41] Berto F, Lazzarin P, Tovo R. Multiaxial fatigue strength of severely notched cast iron
specimens. Int J Fatigue 2014;67. https://doi.org/10.1016/j.ijfatigue.2014.01.013.

[42] Tovo R, Lazzarin P, Berto F, Cova M, Maggiolini E. Experimental investigation of the
multiaxial fatigue strength of ductile cast iron. Theoretical and Applied Fracture Mechanics
2014;73:60–7. https://doi.org/10.1016/J.TAFMEC.2014.07.003.

[43] Itoh T, SakaneM, Ohsuga K.Multiaxial low cycle fatigue life under non proportional loading.
International Journal of Pressure Vessels and Piping 2013;110:50–6.
https://doi.org/10.1016/J.IJPVP.2013.04.021.

[42]

1] ert
spec

pp
er m

6. https://d

ers M
ultiax

of
i.org/10.1

Sons

bis V. M
phas b

002/

nd
16/j.

ltia

erto Cam
lds ahe

App
20

019.

agno

plast
notched
105397.

ve
icity

l Strain
ects

l fa
J

.47.28

igue beh
F

e lifeti
Frattura

8

fe
igue.

me o
E

ntially
2013.01.0



84

[44] Benedetti M, Santus C, Fontanari V, Lusuardi D, Zanini F, Carmignato S. Plain and notch
fatigue strength of thick walled ductile cast iron EN GJS 600 3: A double notch critical
distance approach to defect sensitivity. Int J Fatigue 2021;152.
https://doi.org/10.1016/j.ijfatigue.2021.106414.

[45] Pedranz M, Fontanari V, Raghavendra S, Santus C, Zanini F, Carmignato S, et al. A new
energy based highly stressed volume concept to investigate the notch pores interaction in
thick walled ductile cast iron subjected to uniaxial fatigue. Int J Fatigue 2023;169:107491.
https://doi.org/10.1016/J.IJFATIGUE.2022.107491.

[46] Borsato T, Ferro P, Berto F. Novel method for the fatigue strength assessment of heavy
sections made by ductile cast iron in presence of solidification defects. Fatigue Fract Eng
Mater Struct 2018;41. https://doi.org/10.1111/ffe.12815.

[47] Santus C, Taylor D, Benedetti M. Determination of the fatigue critical distance according to
the Line and the Point Methods with rounded V notched specimen. Int J Fatigue 2018;106.
https://doi.org/10.1016/j.ijfatigue.2017.10.002.

[48] Santus C, Berto F, Pedranz M, Benedetti M. Mode III critical distance determination with
optimized V notched specimen under torsional fatigue and size effects on the inverse
search probability distribution. Int J Fatigue 2021;151.
https://doi.org/10.1016/j.ijfatigue.2021.106351.

[49] Haibach E. Betriebsfestigkeit. Berlin/Heidelberg: Springer Verlag; 2006.
https://doi.org/10.1007/3 540 29364 7.

[50] Störzel K, Baumgartner J. Statistical evaluation of fatigue tests using maximum likelihood.
Materials Testing 2021;63:714–20. https://doi.org/10.1515/mt 2020 0116.

[51] Borsato T, Berto F, Ferro P, Carollo C. Influence of solidification defects on the fatigue
behaviour of heavy section silicon solution strengthened ferritic ductile cast irons. Fatigue
Fract Eng Mater Struct 2018;41. https://doi.org/10.1111/ffe.12810.

[52] Stefanescu DM. Computer simulation of shrinkage related defects in metal castings – a
review. International Journal of Cast Metals Research 2005;18:129–43.
https://doi.org/10.1179/136404605225023018.

[53] Sonsino CM, Kuepper M. Fatigue behaviour of welded aluminium under multiaxial loading.
Sixth International Conference on Biaxial/Multiaxial Fatigue and Fracture, ESIS; 2001, p. 57–
64.

[54] Banvillet A. A volumetric energy based high cycle multiaxial fatigue citerion. Int J Fatigue
2003;25. https://doi.org/10.1016/S0142 1123(03)00048 3.

[55] Sonsino CM. Influence of Material Ductility on Fatigue Life under Multiaxial Proportional
and Non Proportional Normal and Shear Stresses. MATEC Web of Conferences
2019;300:17001. https://doi.org/10.1051/matecconf/201930017001.

[54

3] on
Sixt

ew.
https://doi

escu
Int

heav
Mat Stru

M. C

F, Ferro
section
ct 2

ner
1;63

P C

estigkeit
540 36

stica
0 h

n.
106351.

li

fat
In

e III ica
gue a

J

spe
e critical d
cimen. In

ects. Fa
sessm

tigue
nt of



85

[56] Grubisic V, Neugebauer J. Fatigue Behaviour of Nodular Cast Iron underMultiaxial Loadings.
Giessereiforschung 1979;31:123–8.

[57] Müller A. Fatigue Behaviour of Nodular and Tempered Cast Iron under Multiaxial Random
Loadings. Darmstadt, Germany, Report No. FB 203: 1994.

[58] Benedetti M, Santus C, Berto F. Inverse determination of the fatigue Strain Energy Density
control radius for conventionally and additively manufactured rounded V notches. Int J
Fatigue 2019;126:306–18. https://doi.org/10.1016/j.ijfatigue.2019.04.040.

[59] Benedetti M, Dallago M, Santus C. Statistical significance of notch fatigue prognoses based
on the strain energy–density method: Application to conventionally and additively
manufactured materials. Theoretical and Applied Fracture Mechanics 2020;109.
https://doi.org/10.1016/j.tafmec.2020.102720.

[60] Benedetti M, Pedranz M, Berto F, Santus C. Inverse determination and probability
distribution of the mode III Strain Energy Density control radius with an optimized V
notched specimen under torsional fatigue loading. Int J Fatigue 2022.
https://doi.org/10.1016/j.ijfatigue.2022.106787.

[61] Berto F, Lazzarin P. A review of the volume based strain energy density approach applied
to V notches and welded structures. Theoretical and Applied Fracture Mechanics 2009;52.
https://doi.org/10.1016/j.tafmec.2009.10.001.

[62] Berto F. A Brief Review of Some Local Approaches for the Failure Assessment of Brittle and
Quasi Brittle Materials. Advances in Materials Science and Engineering 2014;2014.
https://doi.org/10.1155/2014/930679.

[63] Murakami Y. Metal fatigue. Effects of small defects and nonmetallic inclusions. 2nd Edition.
Oxford: Elsevier; 2002.

[64] Ferro P, Lazzarin P, Berto F. Fatigue properties of ductile cast iron containing chunky
graphite. Materials Science and Engineering: A 2012;554.
https://doi.org/10.1016/j.msea.2012.06.024.

[65] Vaara J, Väntänen M, Laine J, Kemppainen J, Frondelius T. Prediction of the fatigue limit
defining mechanism of nodular cast iron based on statistical microstructural features. Eng
Fract Mech 2023;277. https://doi.org/10.1016/j.engfracmech.2022.109004.

[66] Endo M. Effects of graphite shape, size and distribution on the fatigue strength of
spheroidal graphite cast irons. Journal of the Society of Materials Science, Japan 1989;38.
https://doi.org/10.2472/jsms.38.1139.

[67] Endo M, Yanase K. Effects of small defects, matrix structures and loading conditions on the
fatigue strength of ductile cast irons. Theoretical and Applied Fracture Mechanics 2014;69.
https://doi.org/10.1016/j.tafmec.2013.12.005.

[68] Endo M, Matsuo T. A practical method for fatigue limit prediction in ductile cast irons.
Fatigue Fract Eng Mater Struct 2019;42. https://doi.org/10.1111/ffe.13086.

[66]

de
rac

E

Vaa Vä
fining m

e.
//doi

t

azzarin P
ter

g/10

fatig
2002.

Ber

155

ue. E

Som oca
dvances

/9306

09.1

ppro

e bas
oretical a
0.001.

ed

loadi

n en

e d
trol

ng.

terminat
di

onally
Mechan

40

e pro
and

oses



86

[69] Endo M, Wanf X B. Special Issue on Fracture Mechanics. Effects of Graphite and Artificial
Small Defect on theFatigue Strength of Current Ductile Cast Irons. Journal of the Society of
Materials Science, Japan 1994;43. https://doi.org/10.2472/jsms.43.1245.

[70] Dowling NE, Calhoun CA, Arcari A. Mean stress effects in stress life fatigue and the Walker
equation. Fatigue Fract Eng Mater Struct 2009;32:163–79. https://doi.org/10.1111/j.1460
2695.2008.01322.x.

[71] Burger R, Lee Y L. Assessment of the Mean Stress Sensitivity Factor Method in Stress Life
Fatigue Predictions. J Test Eval 2013;41:20120035. https://doi.org/10.1520/JTE20120035.

[72] Susmel L, Lazzarin P. A bi parametric Wöhler curve for high cycle multiaxial fatigue
assessment. Fatigue Fract Eng Mater Struct 2002;25. https://doi.org/10.1046/j.1460
2695.2002.00462.x.

Multiaxial synchronous fatigue tests carried out on three different ductile cast iron grades.
Multiaxial fatigue criterion based on the volumetric strain energy density.
The mean stress effect is accounted by a combination of the stress amplitude and the maximum
stress.
Formulation of the phase effect for ductile cast irons by means of a phase correction factor.
Accurate predictions with an RMS error at 5 million cycles of 11.0 %.

Matteo Pedranz: Conceptualization, Methodology, Investigation,Writing Original Draft,Writing Review
& Editing. Matteo Benedetti: Methodology, Writing Original Draft, Writing Review & Editing,
Supervision, Investigation. Vigilio Fontanari: Methodology, Writing Review & Editing, Supervision.
Danilo Lusuardi: Resources, Supervision. Ciro Santus: Methodology, Writing Review & Editing. Filippo
Berto:Methodology, Writing Review & Editing, Investigation.

Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

The authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:

c

utho
ential

ors d
d have ap

rs de

eres

eclar tha
pea

ts

ng

o Fo
pervision.
evie & E

n,
ethod

ntan
Cir

ology
W

s
5 m

irons by
ion cycl

f th

differen
n energy

e stres

t du

ycle m
doi.org/10

th
520/

ultiax
1

JTE20120
Sin



87


