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ABSTRACT. In the last decades the necessity of implant devices is 
continuously increasing. The researchers have thus focused their attentions on 
the development of new biocompatible materials, in particular polymers. 
Among them, polyetheretherketone (PEEK) has gained wide interest in load-
bearing applications such as spinal cages due to its yielding behavior and its 
superior corrosion resistance. Since such applications are characterized by 
notches and other stress concentrators weakening the implant resistance, a 
design tool for assessing their tensile and fatigue behavior, in the presence of 
such discontinuities, is highly claimed. To this aim, tensile and fatigue data 
available in literature related to neat and differently notched PEEK samples, 
experimentally tested in a phosphate-buffered saline (PBS) at 37 °C have been 
analyzed using the strain energy density (SED) approach. The method is 
shown to provide accurate results regardless of the different notch 
geometries, both in terms of tensile and fatigue behavior. Concerning the 
former, the tensile strength was in fact estimated with an error lower than 
±10%, whereas for the latter the SED approach was able to summarize the 
experimental fatigue data in a single narrow scatter band, independently from 
the notch geometry. 
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INTRODUCTION 
 

n recent years, the need of surgical procedures, and consequently the necessity of implant devices, have continuously 
increased [1]. These implants are generally used for applications that ensure a substantial improvement in patients’ 
quality of life, such as orthopedics, pacemakers, cardiovascular stents, defibrillators, neural prosthetics and drug 

delivery systems [2–5], but load-bearing implants are characterized by the highest annual growth rate [6] and, posing 
significant challenges, they have attracted large scale researcher efforts [4,7,8]. For example, artificial limbs have to fit 
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perfectly to the patient specific site of interest and have to resemble the mechanical properties of the bone to avoid bone 
resorption due to the stress-shielding phenomenon [9–11]. Moreover, load-bearing implants have to be characterized by 
sufficient strength since they are intermittently stressed due to weight and activity. For example, prostheses implanted to 
the lower extremities of the body have to withstand loads several times heavier than body weight [12–14]. In addition, the 
biologically-attractive implant design of these implants might cause challenging mechanical conditions leading to tensile 
and fatigue failure. For example, implant porosity is widely reported to enhance osseointegration and it is used to tailor the 
mechanical properties of the prosthesis to fit the biological site of interest [15]. However, such features lead to stress 
concentrators that reduces the strength of the components [16]. Moreover, a high surface roughness has been reported to 
favor the cell adhesion and growth, but at the same time is known to lead to crack initiation [17–20]. These competing 
requirements are aggravated due to the corrosive environment in the human body, leading to effects such as corrosion 
fatigue and stress corrosion cracking [21,22]. Sivakumar and Rajeswari reported the failure due to the stress corrosion 
cracking phenomenon of a 316L stainless steel used for fixing a femoral fracture in a 27 years old man [23]. Yokoyama et 
al. reported that the failure of a titanium occlusal screw failed after three years of implantation was due to the fatigue crack 
nucleation at the root of the thread [24]. Moreover, Chao and Lopez reported that corrosion fatigue was responsible of 
the failure of almost 90% of Ti-6Al-4V hip prosthesis [25]. 
In this challenging scenario, a robust and reliable design tool for the prediction of implant tensile and fatigue strength is 
highly claimed, especially in the presence of stress concentrators. Considering the developments obtained in the 
engineering field, many researchers and clinicians have tried to assess implant behavior of notched components using 
linear elastic fracture mechanics (LEFM) theory and, in particular, the notch stress intensity factors (NSIFs) [26]. 
Concerning the tensile assessment, the NSIF approach predict the failure of a component comparing the NSIF at which 
the implant is subjected with a reference strength value obtained by testing samples weakened by the same notch 
geometry. Concerning fatigue, instead, the NSIF approach predicts the fatigue life of notched components comparing the 
NSIF at which the implant is subjected with a reference fatigue curve determined from samples characterized by the same 
notch geometry [27,28]. However, the reliable applicability of the NSIF approach requires to accurately evaluate the stress 
field ahead of the geometrical discontinuities, and the time-consuming stress field analyses has thus limited its 
development. In addition, the NSIF-based criteria are dependent on the geometry and this represent another drawback of 
this approach. Their unit depends in fact on the notch opening angle: the exponent β in their unit MPa(m)β is in fact equal 
to 1-λ1, where λ1 is the geometrical dependent Williams’ eigenvalue [29]. The geometry dependence implies the necessity 
of ad hoc experimental data to use the NSIF method, representing thus a complexity in its use. The theory of critical 
distance (TCD), that represents a set of methodologies, allows to overcome the geometry-dependence limitation. Based 
on the definition of a material parameter (the critical distance L), the TCD states that failure of notched components 
subjected either to static or cyclic loadings occurs when the stress averaged over a line (line method, LM) or calculated at a 
certain distance from the notch root (point method, PM) equals the inherent material strength, σ0, or the plane specimen 
fatigue limit, Δσ0, depending on whether tensile or fatigue assessment is considered. The applicability of the TCD to 
predict the strength of bio-materials has been assessed by Kasiri and Taylor [30]. They applied the LM to predict the 
fracture behavior of bones, weakened by different holes, and subjected to various loading scenario, but, although the 
general trend was well predicted, the results underestimated the fracture stress by 20–30%. In fact, it is generally 
acknowledged by proponents of critical distance methods that the point and line method are limitation of a more accurate 
approach that average stresses over a certain volume (or area in 2D problems) in the vicinity of the hot-spot. Taylor [31] 
thus formalized the so-called area method (AM), where the range of the maximum principal stress is averaged over a semi-
circular area. Although the accuracy of the results increases considering the AM, stress fields ahead of the notch still need 
to be accurately determined, resulting in high-performance hardware demand. However, although the accuracy of the 
results increases considering the AM, stress fields ahead of the notch still need to be accurately determined, resulting in 
high-performance hardware demand. This has been overcome by the strain energy density (SED) approach, according to 

which failure occurs when the strain energy W  (or strain energy range W  for fatigue loadings) averaged in a control 
volume of radius, RC, ahead of the notch or crack tip reaches its critical value WC (or ΔWC for fatigue), independently 
from the notch geometry [32–34]. Moreover, the strain energy range can either be obtained analytically, deriving the stress 
fields ahead of the geometrical discontinuity, or by means of FE analyses with a coarse mesh, being mesh-insensitive 
[35,36]. This tool has been widely reported to accurately predict the tensile and fatigue behavior of different notched 
materials [37–41] and for real component such as steel rollers [42], and its improvements with respect of the TCD 
methodologies has been reported in details in [43] for Ti-6Al-4V. In addition, it has recently been utilized to predict the 
fracture and fatigue behavior of plastics [44–46], including the biocompatible biopolymer polyetheretherketone (PEEK) 
[47,48]. In particular, SED approach has been reported to provide better assessment of the PEEK fatigue life compared 
to NSIF and TCD approaches [48]. PEEK is considered an emerging material due to its yielding behavior and its superior 
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corrosion resistance, also in physiologically relevant environments [4,49–52]. In particular, Williams et al. reported the 
flexural strength to decrease from 156 MPa to 149 MPa after two months of immersion in simulated body fluid (SBF) at 
37 °C [53]. Due to its outstanding properties, PEEK, besides being studied as a substitute material for metals in gear 
wheels and food processing [54], has also gained interest in biomedical applications such as spinal cages [55] and dental 
implants [56,57]. PEEK is in fact characterized by an in vitro bone stimulation capacity comparable to that of CP Ti grade 
1 [58] and by an elastic modulus closer to that of human bones compared to that of metals, as reported in [11]. As a 
consequence, the bone resorption by the stress shielding effect induced by PEEK implant is significantly lower than that 
induced by titanium and zirconia implants, as assessed by Lee et al. [59]. In addition, they reported un-notched PEEK 
components to be able to withstand static and cyclic loadings comparable to those deriving by bites in anterior dentitions. 
Due to the increasing interests in PEEK for biomedical applications, a reliable failure criterion for this material is highly 
required, especially when weakened by notches, and the authors have herein decided to assess the reliability of the SED 
approach in predicting the tensile and fatigue behavior of PEEK materials in a physiologically relevant environment. For 
our reference, we employ the experimental data of Sobieraj et al., that investigated PEEK tensile and fatigue behavior in a 
physiologically relevant environment in the presence of stress concentrators [60,61]. Their tensile and fatigue data were 
here analyzed in terms of SED to assess the reliability of the method as a prediction model for biomaterials. 
 
 
EXPERIMENTAL REFERENCE DATA 
 
Tensile data 

obieraj et al. [60] examined the stress-strain behavior of neat and notched PEEK specimens under uniaxial loads in 
a corrosive environment (phosphate-buffered saline solution at 37 °C). The specimens were circumferentially 
grooved round bars with an 8 mm outer diameter, weakened by three different types of notches. These were 

circumferentially U-notched geometries with a 6 mm inner diameter, and moderate (0.9 mm) or deep (0.45 mm) notch 
radii. In addition, a circumferentially razor grooved dog-bone was investigated (Fig. 1). 
 

a) b) c) d) 

 
Figure 1: Schematic view of the specimen geometries: a) neat sample; b) U-notched sample with notch radius of 0.9 mm; c) U-notched 
sample with notch radius of 0.45 mm; d) circumferentially razor grooved dog-bone. 

 

The specimens, made by OPTIMA LT1TM (Invibio, Inc., West Conshohocken, PA, USA), were tested under strain 
control condition, with two different strain rates at 0.1 and 0.5 s−1. The ultimate tensile strength values, together with the 
experimental scatter, are listed in Tab. 1. The Young’s modulus and the yield stress were reported not to change with the 
strain rate, confirming the results obtained in Ref. [6], where a strain rate from 0.00001 s−1 to 10 s−1 was reported to 
negligibly affect these properties. 
Fatigue data 
Sobieraj et al. [61] aimed to determine the S-N curve of PEEK in presence of stress concentrators and in a corrosive 
environment. They preconditioned the specimens for 8 weeks and then carried out fatigue tests in a 37 °C phosphate-
buffered saline (PBS) bath. The samples tested were characterized by the same notched geometries reported in the 
previous section and shown in Fig. 1. Tension-tension fatigue tests were carried out aiming to assess the fatigue behavior, 
in a range of number of cycles to failure ranging from 1000 to 100,000, at a frequency of 2 Hz, with a load ratio equal R ≤ 
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0.02. The fatigue data, shown in Fig. 2, were fitted by Sobieraj et al. [61] by means of the S-N Basquin relationship [62] 
with good results being the mean squared error, R2, higher than 0.90 for all the notched geometry: 
 

d= AN            (1) 
 

where Δσ is the stress range, N is the number of cycles to failure, and A and d are constants, listed in Tab. 2. 
 

 Un-notched Moderate Deep Razor 

Strain rate (s-1) 0.1 0.5 0.1 0.5 0.1 0.5 0.1 0.5 
Max axial true stress 

(MPa) 
211 ± 

8.2 
225 ± 

5.4 
132 ± 

1.1 
135 ± 

0.4 
127 ± 

2.3 
129 ± 

1.4 
119 ± 

4.9 
123 ± 

4.3 
 

Table 1: Tensile properties of notched and un-notched polyetheretherketone (PEEK) specimens under different strain rates. 
 

 
 

Figure 2: Experimental S-N curves for the three different notched geometries, i.e. moderate (U-notched with a notch radius of 0.9 
mm), deep (U-notched with a notch radius of 0.45 mm) and razor (circumferentially cracked). Modified from Sobieraj et al. [61]. 

 

Parameter Moderate (radius 0.9 
mm) 

Deep (radius 0.45 
mm) 

Razor 

A (MPa) 152 120 131 

d -0.043 -0.043 -0.063 

R2 0.95 0.90 0.92 

 

Table 2: S-N Basquin relationship constants. Data taken from Ref. [61]. 
 
 
ANALYTICAL FRAME WORK 
 
SED approach under static loadings 

he SED criterion states that the failure of a component, subjected to tensile loading, occurs when the total strain 

energy, W , averaged in a circular control volume of radius Rc (surrounding a crack or notch tip) reaches its critical 
value Wc [63]. The critical SED parameters, i.e. the critical radius, Rc, and the critical strain energy density, Wc, are 

material dependent”[64], and they can be analytically derived with only few material properties [63]: the ultimate tensile 
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strength of the un-notched material, σt, the Young’s modulus, E, and the fracture toughness, KIC. In the case of ductile 
material, the ultimate tensile strength should be replaced with “the maximum normal stress existing at the edge at the 
moment preceding the cracking” as suggested by Seweryn [65], or the equivalent material concept developed by Torabi 
should be considered [66]. In agreement with Beltrami [67], the critical value of the total strain energy can be computed by 
the following equation: 
 

2
t

C
σ

W =
2E

           (2) 

 
In plane problems, the control volume becomes a circular sector or a circle, for V-notches or cracks, respectively (Fig. 3a 
and 3b). The critical radius, Rc, is defined as follow [63]: 
 

   2

IC
C

t

1+ ν 5 - 8ν K
R =

4π σ

 
 
 

         (3) 

 

where ν is the Poisson’s ratio of the material. For a blunt V-notch or a U-notch (Fig. 3c), the volume is assumed to be of a 
crescent shape, where Rc is the depth measured along the bisector line. The outer radius of the crescent shape is equal to 
Rc+r0, with r0 being the distance between the notch tip and the origin of the local coordinate system (Fig. 3c). Such a 
distance depends on the notch-opening angle, 2α, and the notch root radius, ρ, according to the expression: 
 

 
 0

π - 2α
r = ρ

2π - 2α
           (4) 

 
a) b) c) 

 
Figure 3: Control volume under mode I loading for: (a) sharp V-notch, (b) crack case and (c) U notch . 

   
However, the fracture toughness is not always available due to the difficulties and time consuming calculations. Yet, an 
estimate of the critical radius can be obtained as the radius at which the critical SED values (WC) for two different 
specimen geometries, are identical [27]. 
 
SED approach under fatigue loadings 
Dealing with fatigue loadings, Lazzarin and Zambardi states that failure occurs when the strain energy density range, W
, averaged in a control volume of radius Rc (ahead of the notch or crack tip) reaches its critical value ΔWc. In Ref. [63] a 
simple analytical formulation for the computation of the critical value of the strain energy density range, ΔWc, has been 
proposed: 
 

2
A

C
Δσ

ΔW =
2E

           (5) 
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where ΔσA is the fatigue limit of the material without geometric singularities for fully reversed normal stress. The control 
volume is defined, as in the previous section, with the only exception that now the formulation of critical radius, Rc, is 
defined as follow: 

 

1

1
1- λ

1 1A
C

A

2e ΔK
R =

Δσ

 
  
 

          (6) 

 
where λ1 is Williams’ eigenvalue for Mode I [29], ΔK1A is the amplitude of the Notch Stress Intensity Factors (NSIF) 
fatigue threshold, and e1 is a parameter dependent on the notch opening angle, 2α, and on the hypothesis considered 
(plane strain or plane stress), and on the Poisson’s ratio ν (the reader should referred to Ref. [63] for e1 formulation). Also, 
in case of a blunt V-notch or a U-notch, the volume is assumed to be of a crescent shape and defined as for static 
loadings. As it can be noted from Eqns. (5) and (6), that also in case of dynamic loadings the critical value of the strain 
energy density, and that of the radius of the control volume, are only dependent on the material [64]. However, in some 
cases not all the material parameters required to apply SED approach are available. Recently, this shortcoming has been 
overcome thanks to the possibility provided by some FE codes to easily determined the strain energy within the control 
volume. Berto et al. [68] analyzed the fatigue behavior of innovative alloys at high temperature and, using Ansys® code, 

they obtained the critical radius value. This value was obtained varying the control volume until the SED value (W ) for a 
notched specimen at a certain amount of cycles, matched the critical SED value (WC) obtained for a plain specimen, failed 
at the same number of cycles (Eq. 5). In this work, neither NSIF fatigue threshold nor fatigue limit of the material without 
geometric singularities are known, and thus the critical values are obtained using a similar approach to that reported in 

Ref. [68]. The critical radius has been determined as the value at which the SED values (W ) for two different specimen 
geometries at the same number of cycles are equal. Moreover, this SED value has been considered as the critical one. A 
deeper explanation will be provided in the next sections. 
 
a) b) 

Figure 4: Strain energy density (SED) mesh sensitivity: (a) Number of elements = 2049, W   = 2.8431 MJ/m3; (b) Number of 

elements = 23,  W  = 2.8398 MJ/m3. 
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FINITE ELEMENT MODEL 
 

n order to obtain the SED value (W ), axisymmetric linear elastic 2D analyses were performed on the notched 
models. Due to the double symmetry of the geometry only one quarter of the specimens was modeled. The 8-nodes 
axisymmetric element plane 83 was selected for these analyses. In the FE code, the material was assumed isotropic, 

with the Young’s modulus E = 3500 MPa and the Poisson’s ratio ν = 0.36, as reported in Ref. [60]. A mesh convergence 
study was undertaken to ensure that a proper number of elements was used in finite element modelling, with elements size 
at the crack tip ranging from about 10−3 mm to 10−1 mm. The results are independent from the mesh, being the difference 
only 0.11% between the SED value for a coarse mesh and that for a fine mesh (Fig. 4), and thus a coarse mesh was 
adopted for the analyses. The mesh-insensitivity of the SED approach was previously verified also by Berto and Lazzarin 
[35], for cracked and notched specimens. This represents one of the main advantages of this approach, together with the 
capability of assessing the tensile behavior of different materials regardless of the geometry. 
Fig. 5 illustrates the mesh pattern and the boundary conditions used for finite element analyses. Symmetric boundary 
conditions were used for vertical and horizontal symmetry lines of the models (as indicated by the triangles in Fig. 5). The 
top side of the model was able to move along the loading axis to simulate the application of the load. 
 

 
 

Figure 5: Typical mesh pattern of the finite element model near the notch tip and schematics of boundary conditions. 
 
 
RESULTS 
 
Static loading 

obieraj et al. tested un-notched and notched PEEK specimens under different strain rates and in a corrosive 
environment, and in this section their results were analyzed in terms of SED. The application of the SED approach 
requires the computation of both the critical value of the radius, Rc, of the control volume and that of the strain 

energy density, Wc. The critical SED value, Wc, can be simply evaluated using Eqn. 2, leading to a critical SED value of 
7.278 and 6.38 MJ/m3 under a strain rate of 0.5 and 0.1 s−1, respectively. Concerning the control volume, in reference [60] 
the fracture toughness has not been reported. Eqn. 3 cannot thus be used, but it is possible to obtain the critical radius, 
RC, leveraging on FE analyses, by changing the radius of the control volume of the specimens with two different control 

radii and iteratively computing the SED value (W )) until a satisfying convergence is reached. In this work, 
circumferentially razor-grooved dog-bone and U-notched specimen, with a notch root radius of 0.45 mm, have been 
modelled in Ansys®. The simulations have been carried out for different values of RC, ranging from 0.1 to 0.2 mm, with a 
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step of 0.01 mm, and the critical radius results to be equal to 0.13 and 0.12 mm for specimens tested at 0.1 and 0.5 s−1, 
respectively. The small difference in radius is due to the material’s limited strain rates sensitivity below 10 s−1 [69]. As the 
strain energy density is proportional to the square of the applied stress, the predicted tensile strength of the notched 
specimens, σUTS,predicted, has been estimated with 
 

c
UTS, predicted

unit_load

W
σ =

W
                  (7) 

 
in which WC is the critical SED value (Eqn. (2)) and Wunit_load is the SED value determined by means of FE analyses applying a unit 
load. The SED prediction of the tensile failure for both the strain rates are reported in Tab. 3. 
 

Specimen Geometry Strain Rate (s-1) Experimental Data 
(MPa) 

SED Prediction 
(MPa) 

Deviation (%) 

Deep 0.1 127 118 -6.8 

 0.5 129 124 -4 

Moderate 0.1 132 132 -0.1 

 0.5 135 139 +3.3 

Razor 0.1 119 118 -0.8 

 0.5 123 124 +0.8 
 

Table 3: Prediction of tensile failure of moderate, deep and razor specimens using the SED approach. 
 
For the geometries and test conditions reported in [60], the presented approach provides suitable prediction of tensile 
failure, where deviations (computed as the relative difference between the experimental and predicted values, and 
expressed in percentage) are generally lower than 4%, for predictions of moderate and razor grooved merely even below 
1%. Impacts of the corrosive test environment were successfully accounted for. 
 
a) b) 

 

Figure 6: Determination of the SED critical parameters: (a) The value of the critical radius RC has been varied with a step of 0.01 mm 
and (b) with a finer step of 0.001 mm. 
 
Fatigue loading 
As mentioned earlier, neither the NSIF fatigue threshold nor the fatigue limit of the plain material were available, and thus 
Eqns. (5) and (6) could not be applied to determine the critical SED parameters. An alternative approach has thus been 
used using Ansys®: the radius of the control volume has been varied until the SED values for two different specimen 
geometries, at the same number of cycles, were equal. In particular, circumferentially razor-grooved dog-bone and U-
notched specimen, with a notch root radius of 0.45 mm, have been modelled, and the critical radius has been varied from 
0.01 to 0.1 mm, with a step of 0.01 mm (Fig. 6a). Then, in the range between 0.06 and 0.07 mm, where the difference 
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between the SED values for the two geometries at 150000 cycles were lower, the simulations have been repeated with a 
step of 0.001 mm for the critical radius until a correspondence was found, resulting in RC = 0.067 mm and ΔWC = 3.23 
MJ/m3 at 150000 cycles (Fig. 6b). 
Once the critical radius was determined, the fatigue data shown in Fig. 2 were analyzed in terms of SED range. FE 
analyses were carried out considering the experimental stress range as the applied load in the simulations, determining the 
corresponding SED range value, used to obtain the fatigue curve shown in Fig. 7. 
 

 
Figure 7: Synthesis of PEEK fatigue data by means of SED approach. 

 
The fatigue results felt within a single narrow scatter band, with an inverse slope k = 8.091 and a strain energy density 
range referred to 2 million loading cycles and to a probability of survival of 50%. In fact, the scatter index TW, related to 
the two curves, with probabilities of survival Ps = 2.3% and 97.7%, is equal to 1.484. TW = 1.484 becomes equal to 1.22 
when reconverted to an equivalent local stress range being the SED proportional to the square of the stress (Tσ = √1.484 
= 1.22). Comparing Fig. 2 with Fig. 7 it can be noted how the SED approach is able to summarize the fatigue data 
obtained by using different notch geometries within a single narrow scatter band, whereas the S-N curves, in Fig. 2, show 
a different behavior for each notch geometry. This represents a milestone in the design of biomedical implants; once a 
ΔW-N curve had been obtained for any notch geometry, it can be considered as the SED fatigue master curve, which can 
be used as reference for every kind of notch geometries weakening the components. As it is evident from the just 
reported procedure, the advantages of SED approach lie on its simplicity and rapidity-to-use that could render it a 
breakthrough in the design procedures when compared to the methods so far used. 
 
 
CONCLUSIONS 
 

he strain energy density (SED) approach has revealed in the past to greatly predict both the tensile and fatigue 
behavior of metals, weakened by different notch geometries. Herein this approach has been extended to the 
assessment of the tensile and fatigue behavior of PEEK in corrosive environments. The authors have utilized a 

previously supplied dataset [60,61], where different notch geometries in a physiologically relevant environment have been 
tested under static and dynamic loadings. The approach has shown to capture both the strain- and notch-sensitivity of the 
material. Concerning static loadings, the predictive performance of the tensile strength of PEEK are characterized by a 
discrepancy to the experimental data in the range of ±10%, the performance range considered acceptable in many studies 
of a SED database, while, dealing with fatigue loadings, the SED criterion has been shown to summarize fatigue data for 
different notch geometries within a single narrow scatter band. Compared with the classical NSIF approach, the SED 
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criterion overcomes the NSIF approach main limitation of the geometry dependency. In addition, both NSIFs and TCD 
require high computational efforts, a fine mesh being required ahead of the notch tip, whereas the SED approach has 
revealed to be mesh-insensitive. This work introduces a milestone in the design of PEEK biomedical devices, providing a 
simple and rapid method for assessing the tensile and fatigue strength, overcoming the drawbacks of the other methods, 
and opening the road towards the use of this approach in corrosive environments. 
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