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Abstract 

Although human dentin is known to be susceptible to failure under repetitive cyclic fatigue 

loading, there are few reports in the literature that reliably quantify this phenomenon.  

Accordingly, this study seeks to address the paucity of fatigue data through a systematic 

investigation of the effects of prolonged cyclical loading on human dentin in an environment 

of ambient temperature Hank’s Balanced Salt Solution (HBSS) at cyclic frequencies of 2 and 

20 Hz.  The “stress-life” (S/N) data thus obtained are discussed in the context of possible 

mechanisms of fatigue damage and failure in this material.  In addition, stiffness loss data 

collected in situ during the S/N tests are used to deduce crack velocities and the thresholds for 

such cracking; such results are presented in a fracture mechanics context as plots of fatigue-

crack propagation rates (da/dN) as a function of the stress-intensity range (∆K).  Such S/N 

and da/dN-∆K data are discussed in light of the development of a framework for fracture-

mechanics based methodology for the prediction of the fatigue life in teeth.  It is concluded 

that the presence of small incipient flaws in human teeth of the order of 250 µm in size will 

not radically affect their useful life. 
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1.  Introduction 

 In human teeth, dentin lies between the exterior enamel and the pulpal soft tissue in the 

core (Fig. 1); it thus forms the bulk of the interior structure of the human tooth and is critical 

to its structural integrity.  In light of this, it is important that the mechanical properties of 

dentin are fully characterized such that realistic predictions can be made for the effect of 

microstructural modifications due to caries, sclerosis and aging on tooth strength, not to 

mention the effect of various restorative processes commonly employed in dentistry.  While 

several studies have focused on evaluating these properties [e.g., 1-15], there is very little 

consistency in the available data. 

From a structural viewpoint, exposed root surfaces in teeth often exhibit non-carious 

notches in the dentin just below the enamel-cementum junction.  The etiology for such 

lesions is believed to involve a combination of erosion, abrasion and abfraction [16].  While 

erosion is often the result of exposure to acids, abrasion is caused by the use of inappropriate 

dentifrice and abfraction by mechanical stresses induced by brushing and chewing.  The 

problem is further complicated by exposure to a wide range of temperatures, chemical 

compositions and pH values during intake of food.  The notches serve as very effective stress 

raisers and are often the sites of failure due to fracture.  While cusp fractures are common in 

posterior teeth, the anterior teeth are more susceptible to fracture at the gingiva, severing the 

crown of the tooth.  Although such fractures have not been studied extensively, it is generally 

believed that tooth failure is associated either with catastrophic events induced by very high 

occlusal stresses or, more plausibly, by cyclic fatigue-induced subcritical crack growth.  In 

view of this possibility, it is perhaps surprising that so few studies have investigated the 

effect of prolonged fatigue cycling on human dentin, particularly as such information is 
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additionally important for the development of replacement materials for restorative dentistry.  

To address this deficiency, the present work seeks to present an initial investigation of the 

response of dentin to fatigue loading in terms of both classical (stress-life) and fracture-

mechanics based approaches. 

2.  Background  

In engineering terms, fatigue refers to the response of a material to repeated application 

of stress or strain.  For most structures, the prediction of a time to failure under such loading 

conditions is a crucial step for engineering design and the assurance of durability.  The 

classical approach to fatigue has involved the characterization of the total life to failure in 

terms of a cyclic stress range, and is often termed the “stress-life” or “S/N” approach.  This 

method involves the estimation of the number of cycles required to induce complete fatigue 

failure of a (nominally flaw-free) “smooth-bar” specimen at a given alternating (σa) and 

mean (σm) stress, where the measured fatigue lifetime represents the number of the cycles 

both to initiate and propagate a (dominant) crack to failure.  S/N curves for certain materials, 

such as steels, can exhibit a plateau at about 106-107 cycles, termed the fatigue limit, below 

which failure does not occur [17].  In the absence of a fatigue limit, a fatigue endurance 

strength is generally defined as the alternating stress to give a specific number of cycles to 

failure.  Both terms are used as a basis for traditional fatigue design and life prediction, after 

adjustment for such operational variables as the presence of notches, the environment (e.g., 

temperature, pH, humidity, etc.), the history and spectrum of loading, and so forth [17]. 
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However, in many structures where there is an inherent population of flaws, including 

human teeth, the crack initiation life may be essentially non-existent, thus making lifetimes 

predicted from the S/N approach highly non-conservative.  In these instances, the life may be 

considered solely as the number of cycles to propagate one such flaw to failure.  To make 

such predictions, a fracture mechanics methodology is generally used (termed the damage-

tolerant approach), where the number of cycles required for an incipient crack to grow 

subcritically to a critical size, defined by the limit load or fracture toughness [18], is 

computed from information relating the crack velocity to the mechanical driving force (e.g., 

the stress-intensity factor).1 

___________________________________________________________________________ 
1 For an example of such a “damage-tolerant” life-prediction analysis in the bioengineering context, the reader 
is referred to the analysis of the projected life of mechanical heart valve prostheses in refs. [19,20]. 

__________________________________________________________________________________________ 

 The specific objective of the present study is to characterize the stress-life and crack-

propagation fatigue behavior of human dentin in Hank’s Balanced Salt Solution (HBSS), and 

to use this information as a preliminary basis to develop such lifetime prediction analyses for 

teeth.  

3.  Experimental Procedures 

3.1.  Materials 

 Recently extracted human molars were used in this study.  Each tooth was sterilized 

using gamma radiation after extraction [21].  Sections, ~1.5-2.0 mm thick, were prepared 

from the central portion of the crown and the root vertically through the tooth (Fig. 1).  The 
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typical microstructure of dentin is shown in Fig. 2, and is discussed in section 4.1.  Beams of 

dentin, measuring approximately 0.9 x 0.9 x 10.0 mm, were machined so that the long axis of 

the tubules was aligned along the length of the beam, perpendicular to the plane of the 

collagen fibrils.  Samples were then obtained from these sections by wet polishing up to a 

600 grit finish; twenty-five such beams were used in the present study.  Each beam included 

some root dentin and some coronal dentin such that the loading configuration shown in Fig. 3 

could be achieved.  In vitro first yield (σy) and maximum flexural (σF) strengths levels were 

measured in Hank’s Balanced Salt Solution (HBSS) in bending to be σy ~ 75 MPa and σF ~ 

160 MPa, respectively.  It should be noted here that the “yielding” observed is the result of 

irrecoverable diffuse damage as observed for example, in trabecular bone [22]. 

3.2.  Stress-life testing 

In vitro S/N fatigue tests were conducted in ambient temperature HBSS with unnotched 

cantilever beams (Fig. 3) cycled on an ELF 3200 series acoustic testing machine 

(EnduraTEC Inc., Minnetonka, MN) using a DelrinTM loading rig.  Testing was performed at 

a load ratio, R (minimum load/maximum load) of 0.1 at cyclic frequencies of 2 and 20 Hz.  

The dentin beams were cycled to failure under displacement control, with the loads being 

monitored continuously.  Stress-life curves were derived for both frequencies in terms of the 

stress amplitude, σa, (given by one half of the difference between the maximum and 

minimum stresses), based on the nominal bending stress in the beam.  The minimum and 

maximum stress levels employed ranged between, respectively, ~5 and 135 MPa, 

representing values of ~ 3% and 85% of the ultimate tensile strength of dentin. 
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In addition, limited stress-life testing was also performed with identical samples under 

sustained (non-cyclic) loads in order to distinguish whether the mechanisms of failure 

involve processes that are promoted by the maximum rather than the alternating stresses (i.e., 

static vs. cyclic fatigue).  Specifically, specimens were held at a sustained stress level of 

118.5 MPa, i.e., ~75% of the ultimate tensile strength, similar to the maximum load used in 

some of the cyclic fatigue tests, and the time to failure monitored.  Unbroken sustained-

loaded specimens were also subsequently cycled (at R = 0.1 at a frequency of 2 Hz) at a 

alternating stress of 20 MPa just below the fatigue limit in order to examine the role of crack 

initiation.  Further details of these experiments along with the implications of the results are 

discussed in Section 4.4. 

3.3.  Crack-propagation behavior 

Crack-propagation rates were estimated from the loss in stiffness of the test specimens 

during the S/N fatigue tests.  Since the fractography (as described in section 4.5) shows that 

the failure process in dentin involves the initiation and growth of a single dominant crack, 

continuous in situ monitoring of the specimen stiffness, measured in terms of the bending 

load and loadline displacement, was used to yield an estimate of the specimen compliance, 

which was then related to a crack size using standard beam theory and fracture mechanics 

analyses.  This method is based on the notion that the extent of local diffuse microdamage 

around the crack tip is substantially smaller than all other relevant dimensions; this is akin to 

the assumption of small-scale yielding in linear-elastic fracture mechanics terminology. 

The sample compliance was calculated using the analysis for the additional remote-point 

displacement, i.e., rotation θcrack, due to a crack in a beam under cantilever bending [23]: 
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θcrack  =  θtotal - θno crack  ,    (1) 

where θtotal and θno crack are, respectively, the total rotation and the rotation of an uncracked 

sample (of identical dimensions).  These rotations can be readily calculated from standard 

beam theory, where θcrack is given by [23]: 

        θcrack  =  4σ S(a/b)/E'  ,                   (2) 

where σ is the maximum nominal bending stress (in the absence of a crack), a is the crack 

length, b is the beam width, E' = E, the Young’s modulus, in plane stress and E/(1 – ν2) in 

plane strain (ν is Poisson’s ratio), and the function S(a/b) is given by [23]: 

S(a/b) = (a/b)2{5.93 - 19.69(a/b) + 37.14(a/b)2 - 35.84(a/b)3 + 13.12(a/b)4}/(1 - (a/b))2.    (3) 

Through continuous monitoring of this change in compliance, the crack length, a, and hence 

the crack-growth rate, da/dN, was determined.  Crack-growth rates were computed using 

finite-difference methods over increments of crack extension of approximately 70 µm. 

  With a knowledge of the applied loads and the crack length, the stress-intensity factor, K, 

can be determined; this parameter characterizes the magnitude of the stress and displacement 

fields ahead of the crack, and as such can be used to describe the linear-elastic driving force 

for crack advance.  In the present study, stress intensities were calculated from standard 

handbook solutions, in terms of the applied stress range, ∆σ, and crack size, a [23]: 

          ∆K  =  ∆σ (π a)1/2 f(a/b)  ,    (4) 
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where ∆K is the stress-intensity range (= Kmax – Kmin), and f(a/b) is a function of the 

specimen geometry and crack size [23,24], viz.: 

f(a/b)  =  1.122 - 1.40 (a/b) + 7.33 (a/b)2 - 13.08 (a/b)3 + 14.0 (a/b)4 .         (5) 

 The crack propagation results are presented as standard log-log plots of the growth rate 

per cycle, da/dN, as a function of the stress-intensity range, ∆K. 

3.4   Fractography 

The morphology of the fracture surfaces for both fatigue and overload fracture were 

examined using a standard scanning electron microscope.  Surfaces were sputter-coated with 

a gold-palladium alloy prior to investigation.  In addition, the crack paths were also examined 

by stopping  a test specimen containing a growing fatigue crack prior to failure and 

examining it metallographically perpendicular to the plane of the fracture surface.  To 

achieve this, the section of the specimen containing the crack was cold-mounted in epoxy, 

polished down to a 1200 grit finish, and sputter-coated prior to investigation by optical and 

scanning electron microscopy. 

4.  Results 

4.1.   Microstructure of dentin 

 Human dentin is essentially a hydrated composite composed of nanocrystalline 

carbonated (calcium phosphate based) apatite mineral (~45% by volume), type-I collagen 

fibrils (~30% by volume) and fluid, and other non-collageneous proteins (~25% by volume).  

 8 



The apatite mineral is distributed in the form of fine crystallites (5 nm thick) in a scaffold 

created by the collagen fibrils (typically of 50-100 nm diameter).  The distinctive feature of 

the “microstructure” of the dentin is a distribution of cylindrical tubules (typically ~1-2 µm 

in diameter) that run from the dentin-enamel junction to the interior pulp chamber (Figs. 1-2).  

These dentinal tubules are surrounded by a collar of highly mineralized peritubular dentin 

(~1 µm thick) and are embedded within a matrix of mineralized collagen called intertubular 

dentin.  The mineralized collagen fibrils form a planar felt-like structure oriented 

perpendicular to the tubules [25].  The tubules can be considered to be randomly displaced 

about a periodic lattice [26], but with a distribution that depends on location within the tooth 

[e.g., 14].  There is evidence, although somewhat inconclusive, that the orientation of the 

tubules leads to anisotropic mechanical properties in human dentin [e.g., 5,6,12].  Similar 

directional anisotropy has been reported for other biological tissues, e.g. bone [e.g., 27].  The 

present study, however, is restricted to a single orientation with cracking nominally 

perpendicular to the long axis of the tubules, i.e., in the plane of the collagen fibrils.  This 

orientation is believed to have the lowest fracture toughness properties [5,6,8,19]. 

4.2.  Stress-life behavior 

Stress-life data, obtained at cyclic frequencies of 2 and 20 Hz with R = 0.1, are shown in 

Fig. 4 and Table I in the form of the number of fatigue cycles to failure, Nf, as a function of 

the applied stress amplitude, σa; results are compared with corresponding behavior under 

sustained loading.  Each reported lifetime is from a single specimen.  Cyclic fatigue data 

spanning about five decades in life, from 102-103 to 106-107 cycles, were obtained.  It is 

evident that dentin shows “metal-like” fatigue behavior in that fatigue lifetimes increase with 
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decreasing stress amplitudes until an apparent plateau, resembling a fatigue limit, is reached 

at ~106 cycles.  Values for this apparent fatigue limit in dentin ranged from 25 MPa at 2 Hz 

to 45 MPa at 20 Hz, representing values of ~15 to 30% of the measured tensile strength; this 

is to be compared with most metallic materials where, at this load ratio, the fatigue limit is 

typically 25 to 30% of the tensile strength.  

Table I:  Stress-life and stress-time data for fatigue and sustained-load cracking (SLC) in 
human dentin  

 
    Stress Amplitude   Cycles to Failure   Maximum Stress   Time to Failure 
         σa (MPa)                Nf        σmax (MPa)  tf (s) 
 
2 Hz: 

63.3           1.30x103   139.0           6.50x102 
 53.9           4.30x103   118.5           2.15x103 

53.3           4.00x103   118.5           2.00x103# 

51.9           5.16x103   118.0           2.00x103 
48.9           1.12x104   108.6           2.56x103 

 42.6           5.41x104     97.5           2.70x104 
34.1           1.35x105     75.7           6.75x104 

 32.7           2.22x105     72.7           1.11x105 
 30.5           2.35x105     70.8           1.18x105 
 25.2         >1.54x106     56.0         >7.70x105* 

 
20 Hz: 
 60.7           6.10x103   135.4           3.05x102 
 51.3           1.51x104   109.7            7.56x102 
 51.7           2.60x104   114.8           1.30x103 
 44.9        >1.20x106     99.7         >6.00x104* 

 45.7        >1.29x106   101.2         >6.45x104* 

 42.5        >10.0x106     97.5         >5.00x105* 
 38.5        >3.72x106     88.3         >1.86x105* 
 
SLC Test B (see Fig. 5): 
   0    -   118.5        >2.38x105* 

SLC Test C (see Fig. 5): 
 20        >1.72x106     44.4        >8.59x105* 
 
#Test A (see Fig. 5) 
*Specimen did not fail 
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There is a marked effect of cyclic frequency on the stress-life fatigue behavior of human 

dentin, with substantially longer lifetimes at the higher frequency.  This effect has been 

observed in many systems, e.g., in human bone [28], bone cement [e.g., 29] and many 

metallic materials [e.g., 17], and is generally attributed either to a time-dependent 

contribution to cracking (e.g., at lower frequencies, the crack is open for a long time period, 

thus permitting environmentally-assisted cracking mechanisms to be more active) or in rarer 

cases to strain-rate effects [e.g., 17].  If the data in Fig. 4 are re-plotted on the basis of time 

rather than cycles, where the maximum applied stress, σmax, is plotted as a function of the 

time-to-failure, tf, (Fig. 5), the effect of testing frequency is significantly diminished, 

indicating that the mechanisms of fatigue-related failures in dentin may be predominantly 

time, rather than cycle, dependent.  Similar behavior has previously been reported in human 

bone [28]. 

4.3.  Crack path and fractographic observations 

The fractography of fatigue and overload (fast fracture) failures in human dentin is shown 

in the scanning electron micrographs in Figs. 6-8.  A low magnification view of the entire 

fracture surface of a cyclic fatigue sample, shown in Fig. 6, indicates that crack initiation 

occurred at the top surface of the sample (between the two white arrows), where the tensile 

stress is at a maximum.  Subsequent fatigue-crack growth was relatively free of tortuosity 

and occurred in a plane perpendicular to the long axis of the tubules.  Higher magnification 

images of the fatigue region in Fig. 7 reveal little evidence of a marked effect of the tubules 

in influencing the crack-advance process (as might be seen, for example, by cavitation or the 

“bowing” of the crack front around the tubules), although there may be some degree of 
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pullout of the peritubular dentin cuffs surrounding the tubules (as indicated by the arrows in 

Figs. 7-8), which might contribute to the crack-growth resistance.  However, there was no 

evidence of fatigue striations, which are indicative of an incremental crack-growth process 

resulting from alternating plastic blunting and sharpening at the crack tip; this process 

represents the most common fatigue mechanism in ductile materials, such as many metals 

and polymers [17], but is apparently not operating in human dentin. 

Fracture surfaces representative of the overload failure are shown in Fig. 8.  As reported 

previously [30], few differences exist between the morphology of these fractures and those 

associated with cyclic fatigue-crack growth (Fig. 7), although macroscopically the overload 

fracture surfaces are somewhat rougher.  Such behavior is more indicative of brittle 

materials, such as many ceramics and pyrolytic carbon [30,31], where the mechanisms of 

crack advance (and hence the fractography) are essentially identical under cyclic and 

overload conditions; the fatigue effect in these materials is more commonly associated with 

mechanisms behind the crack tip involving the progressive degradation of the operative 

crack-tip shielding (extrinsic toughening) processes [32].  Furthermore, there were no 

observable differences in the appearance of the fracture surfaces at 2 Hz and 20 Hz. 

A typical scanning electron micrograph of the crack profile is included in Fig. 9.  As is 

evident, there is very little tortuosity in the path that the fatigue crack follows, indicating that 

the tubule-based microstructure does not appear to significantly influence the propagation of 

the crack and hence contribute to the toughness or fatigue resistance.  However, there is some 

evidence of pull-out of the peritubular dentin cuff inside the crack, as indicated by the white 

arrows in the figure, which may be indicative of a small contribution to the crack-growth 

resistance. 
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4.4. Sustained-load cracking behavior 

It is evident from the fatigue results in Fig. 5 that plotting with respect to time provides a 

somewhat better representation of the data.  This raises the possibility that the primary 

mechanism of subcritical crack growth in dentin is time, rather than cycle, dependent.  Such 

sustained-load cracking (SLC) mechanisms are often environmentally-assisted, e.g., stress-

corrosion cracking, and are commonly encountered in the fatigue of brittle materials where 

the cycle-dependent mechanisms are less prevalent.  Indeed, it is well known that fatigue 

lifetimes can be predicted from static fatigue data for such materials, in the absence of any 

cycle-dependent mechanisms [33,34].  Using this analysis in reverse, which equates the role 

of static and cyclic loads by integrating over the fatigue loading cycle, the time to failure 

under static loading, ts, can related to the corresponding time to failure under cyclic loads, tc, 

in terms of the relative magnitudes of the stress amplitude,σa, in the fatigue test and the 

corresponding maximum stress, σs, in the static test [33]:  

ts / tc  =  g (σa /σs)n      (6) 

where n is an environment- and temperature-dependent system constant (typically 15 to 60) 

and g is the time-to-failure ratio (from [33]).  Using results at a stress level of 118.5 MPa, 

representing the maximum stress corresponding to a fatigue stress amplitude of σa = 53.3 

MPa where the experimentally measured fatigue lifetime was 4,000 cycles at 2 Hz (Fig. 5), 

Eq. 6 implies that the time to failure under static loads should be in the range of 180 to 460 s.  

However, experimentally, no failures were observed even after ~2.4 x 105 s at a sustained 

load of 118.5 MPa.  There are several explanations for this apparent inconsistency: (i) there 

are both time- and cycle-dependent mechanisms that are active during the fatigue of dentin in 
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physiological environments (which is very likely), and (ii) crack initiation occurs much more 

readily under cyclic loading.  To examine this latter point further, one specimen tested under 

sustained loading was subsequently fatigue cycled at 20 MPa, just below the fatigue limit (at 

R = 0.1 with 2 Hz frequency).  Once again, no failure was observed even after over 1.72 x 

106 cycles (~8.6 x 105 s).  This experiment implies that a crack had not initiated under 

sustained loading even after more than 105 s at a load level at which under cyclic loading, 

failure would have ensued in less than 2000 s.  This strongly suggests that the process of 

crack initiation in human dentin is far more difficult under sustained loading, compared to 

that under corresponding cyclic loads.  Similar behavior is observed in many lower strength 

metallic materials, where the thresholds for subcritical cracking are much lower in cyclic 

loading than under sustained loads [e.g., 35]. 

4.5. Fatigue-crack propagation behavior 

To the authors’ knowledge, there are no reports to date of fatigue-crack propagation 

behavior for human dentin in archival literature.  In the present study, such data were derived 

from continuous in situ measurements of the stiffness loss during the S/N fatigue tests; 

typical plots of the drop in maximum load, at constant displacement, in the fatigue cycle with 

number of cycles are shown in Fig. 10.  It is apparent that the decay in stiffness is relatively 

minor until the latter stages of the test, indicating that, similar to many materials, the majority 

of the fatigue lifetime is spent in initiating a small propagating crack (in this instance, 

typically on the order of 100-150 µm). 

Using the procedures described in section 3.3 to estimate the crack lengths, stress-

intensity levels and crack-growth rates, a plot of the variation in da/dN with the stress-
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intensity range ∆K was derived.  Results are shown in Fig. 11 and are believed to be the first 

reported fatigue-crack growth rate data for human dentin.  In common with many materials 

[17], the variation in growth rates with ∆K in dentin can be described by a simple Paris 

power-law relationship:   

       da/dN =  C (∆K)m  =  6.24 x 10-11 (∆K)8.76                        (7) 

where C and m are scaling constants, with their values quoted for units of MPa√m (on ∆K) 

and m/cycle (on da/dN).   This behavior is consistent with that observed for many brittle 

materials, which generally have far higher Paris exponents than the m values of ~2 to 4 that 

are generally reported for ductile (e.g., metallic) materials [32].  The exponent of ~8.76 found 

for dentin is somewhat smaller than that reported for apatite bone mineral substitute (where 

m ~ 17) [36]. 

When characterizing the fatigue-crack growth properties of a material, it is often useful to 

define a threshold stress intensity, ∆KTH or Kmax,TH, below which crack growth is dormant or 

proceeds at vanishingly low rates; this parameter can be operationally defined as the stress 

intensity corresponding to an average growth rate of 10-10 m/cycle.  Extrapolating the current 

results to this lower bound yields an approximate threshold ∆KTH for human dentin of 1.06 

MPa√m.  This value is roughly 60% of the measured fracture toughness (Kc ~ 1.8 MPa√m 

[18]), and is typical of many brittle materials where ∆KTH ~ 0.4-0.6 Kc [32].  By comparison, 

fatigue thresholds for other common brittle materials are in the same range: ∆KTH ~ 2.5 

MPa√m for cortical bone [35,36]2, ~ 1 to 4 MPa√m for alumina (depending upon the grain 

size) [32], and ~ 0.6 to 0.8 MPa√m for pyrolytic carbon [31].   
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___________________________________________________________________________ 
2 It should be noted that the threshold of 2.5 MPa√m, reported in ref. [36], was taken from the data for adult 
bovine bone described in ref. [37].  However, as no attempt was made to actually measure the threshold in ref. 
[37] and the growth rates reported are no lower than 10-7-10-6 m/cycle, it is likely that the actual threshold for 
this material is significantly lower than the result quoted in ref. [36].  
___________________________________________________________________________ 

5.   Discussion 

Typical masticatory stress levels that a human tooth experiences have been estimated to 

be on the order of 20 MPa [e.g., 38].  Although these stresses are generally due to 

compressive loading, at these levels, a measured fatigue threshold for dentin of ~1 MPa√m 

implies that any cracks formed in teeth would need to be of dimensions in the hundreds of 

micrometers before meaningful subcritical crack growth can occur.   

With the availability of the growth-rate data for dentin shown in Fig. 11, it is now 

possible to make a preliminary attempt to develop conservative estimates of the expected 

fatigue life of teeth containing flaws of specific dimensions.  This “lifing” procedure uses a 

worst-case fracture mechanics approach that is based on the notion that the lifetime is 

comprised of the time or number of loading cycles for the largest pre-existing flaw to 

propagate to a critical size where catastrophic failure occurs.  This is achieved by integrating 

the Paris crack-growth relationship (Eq. 7) between the limits of the initial flaw size, ao, and 

the critical (final) flaw size, ac, for failure.  The latter limit can be estimated by equating the 

stress intensity developed ahead of the crack tip to the fracture toughness, Kc: 

       K  =  f(a/b) σapp(πac)½  =  Kc  ,     (8) 
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where σapp is the in-service stress, f(a/b) is a function dependent upon the geometry, flaw size 

and shape, and Kc for dentin is ~1.8 MPa√m [18].  The number of loading cycles to cause 

failure is thus a strong function of the in-service stress and initial flaw size, and can be 

expressed (for m ≠ 2) as: 

                              Nf  =  
Cm )2(

2
−

 (f(a/b)∆σapp)-m  π -m/2  [ao
1-m/2 - ac

1-m/2],                          (9) 

thereby providing a conservative basis for the prediction of the life of a tooth.  Since the 

scaling constants C and m are set by the crack-growth relationship for dentin in Eq. 7, and we 

can reasonably assume masticatory stress levels of ~20 MPa [38], the principal factor that 

needs to be defined is the function f(a/b), which is usually of the order of unity but depends 

specifically on the size and shape of the flaw and its configuration within the tooth.  

 As an illustration of this approach, we can assume the presence of a semi-elliptical 

surface flaw small compared to the dimensions of the tooth.  For shallow cracks in this 

configuration, f(a/b) = 1.12/√Φ, where Φ is the so-called shape factor (an elliptic integral of 

the second kind that depends upon the shape of the flaw and the level of stress in relation to 

the flow stress) [39].  Since the in-service stresses are generally small (σapp/σuts ~ 0.12), a 

worst-case value for Φ for a shallow crack can be taken as 1.  Using this configuration for 

Eq. 9, predictions of the life as a function of the initial flaw size are shown in Fig. 12 for a 

range of in-service stress levels.  As noted above, because of the moderately high Paris 

exponent (m ~ 8.76) in dentin (as compared to most metallic alloys), projected lives are a 

very strong function of initial flaw size.  Specifically, for an initial flaw of ~100 µm in size, 

the predicted fatigue lifetime at a worst-case stress of 20 MPa is well over a billion cycles.  
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On the assumption that a human tooth is subjected to something on the order of a million 

cycles per year [40], the fatigue life of the tooth would be infinite.  However, for a larger 

flaw of 600 µm in size, the projected life drops to ~3.6 million cycles, or 3 to 4 years; for a 

900 µm flaw, the projected life is as low as a few months.  One implication of this is that any 

dental reconstruction process that leaves, for example, a millimeter-sized flaw, would mean 

that the residual lifetime of the tooth could be as short as several weeks, thus necessitating 

immediate repair. 

 It should be noted here that this simple fracture mechanics analysis is presented merely as 

an illustration of how life prediction could be performed for human teeth.  Precise 

calculations would need to entail specific configurations of flaws and better estimates of the 

in vivo stresses and stress-states.   We believe, however, that this approach is inherently more 

reliable than the traditional stress-life approach, which would not have predicted any failures 

for the physiological stresses of 20 MPa.  (This is because the S/N approach does not assume 

the presence of pre-existing flaws, and that 20 MPa is apparently below the relevant 

endurance strength for dentin (Fig. 4)).  However, we have not considered several factors that 

may affect fatigue behavior in human dentin.  These include the magnitude and physiological 

loading history of the tooth, most especially the presence of occasional “over-stresses” (in 

fact, much higher stress levels have been reported for some masticatory processes [38]), the 

presence of mixed-mode (tensile/compressive plus shear) loads, the physical nature of the 

flaws, the effect of orientation (if any) on the crack-growth rates, and the occurrence of 

possible long-term environmental effects on fatigue due to corrosive and bacterial fluids 

inside the mouth.  Because of these uncertainties in the precise loading and crack size/shape 

configurations, these predictions must only be considered as a rough indication of the life of 
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the tooth.  However, they do indicate the general trend that for typical physiological stresses 

of 5 to 20 MPa, small flaws in teeth of the order of 250 µm will not radically affect their 

structural integrity, as predicted fatigue lifetimes will exceed the life of the patient. 

6.  Conclusions 

Based on the in vitro study of the fatigue properties of human dentin, involving both 

stress/life and crack-propagation behavior in ambient temperature Hank’s Balanced Salt 

Solution, the following conclusions can be drawn: 

1. The existence of a fatigue response to repetitive loading in human dentin tested in vitro 

has been demonstrated. 

2. Attempts to discern whether the observed fatigue behavior in dentin was either cycle- 

and/or time-dependent, using a comparison of cyclic fatigue and sustained-load tests, 

were inconclusive, although it appeared that both cycle- and time-dependent mechanisms 

were involved.  Crack initiation, however, occurred far more readily under cyclic loading.  

3. “Smooth-bar” stress-life (S/N) behavior for dentin was observed to exhibit “metal-like” 

character with decreasing fatigue lives associated with increasing stress amplitude.  S/N 

curves (at a load ratio of R = 0.1) displayed an apparent fatigue limit at 106-107 cycles, 

which was estimated to be ~25 and 45 MPa, i.e., ~15 to 30% of the tensile strength, for 

cyclic frequencies of 2 and 20 Hz, respectively. 

4. Akin to many brittle materials, the morphology of the fracture surfaces created during 

fatigue-crack propagation was essentially identical to those created during overload 

(catastrophic) failure.  
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5.  Using a stiffness-loss technique, fatigue-crack growth rates, da/dN, for human dentin 

were determined from the S/N results and related to the stress-intensity range, ∆K.  

Resulting da/dN vs. ∆K plots suggested a simple Paris power-law relationship, da/dN ∝ 

∆Km, with m ~ 8.76. Extrapolation to ~10-10 m/cycle yielded an estimate of the fatigue 

threshold of ∆KTH ~ 1.06 MPa√m, i.e., ~60% of the fracture toughness, Kc, of dentin.   

6. A framework for a fracture-mechanics based life-prediction methodology for the fatigue 

life of teeth was developed, and projected lifetimes as a function of the size of pre-

existing flaws presented.  Based on this preliminary analysis, it is concluded that under 

simulated physiological conditions, small flaws in teeth of the order of 250 µm will not 

radically affect their structural integrity, as predicted fatigue lifetimes will exceed that of 

the patient. 
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List of Figure Captions 

Figure 1:  Schematic illustration of a typical human tooth with the section (shown by dotted 
line) made for the purpose of specimen preparation.  Note the tubules running 
from the dentin-enamel junction towards the pulp in the interior of the tooth. 

Figure 2:  Micrograph illustrating the typical microstructure of human dentin.  The most 
striking feature is the pseudo-periodically placed 1-2 µm diameter tubules.  The 
orientation of the micrograph is perpendicular to the long axis of the tubules. 

Figure 3:  Schematic illustration of the cantilever beam geometry used for in vitro fatigue 
and sustained-load stress-life testing.  Each dentin beam tested included some 
root dentin and some coronal dentin.  Testing was conducted in HBSS at ambient 
temperature. 

Figure 4:  Stress-life (S/N) data for dentin in HBSS in the form of the stress amplitude, σa, 
as a function of the number of cycles to failure, Nf.  Results were obtained at 
frequencies of 2 Hz and 20 Hz, with a load ratio of R = 0.1.  Horizontal arrows 
represent samples that did not fail.  Inset shows the definition of the various 
stresses associated with the fatigue cycle. 

Figure 5:  Stress-time data for dentin in HBSS in the form of the maximum stress, σmax, as a 
function of the time to failure, tf.  Results were derived from those in Fig. 4 
together with the results of two sustained-load tests.  Horizontal arrows represent 
samples that did not fail.  The schematics illustrate the stress levels and 
sequences used for these tests. 

Figure 6:  Low magnification scanning electron micrograph of a failed stress-life fatigue 
sample, showing the probable fatigue crack initiation site (indicated by white 
arrows) on the top surface where the tensile stresses are at a maximum.  The 
extension of the fatigue crack proceeds from right to left until catastrophic failure 
occurs.   

Figure 7:  Higher magnification scanning electron micrographs of the cyclic fatigue region 
of the fracture surface, showing evidence of pullout of the peritubular dentin 
cuffs (indicated by white arrows).  The nominal direction of crack growth is from 
left to right. 

Figure 8:  Corresponding scanning electron micrographs of the overload fracture region of 
the fracture surface.  Although this fracture surface is macroscopically “rougher” 
than that of the fatigue fracture surfaces, the morphology is essentially identical.  
Some evidence of pullout of the peritubular dentin cuffs (indicated by white 
arrows) can again be seen.  The nominal direction of crack growth is from left to 
right. 
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Figure 9:  Scanning electron micrograph of a typical crack path of a fatigue crack through 
the dentin microstructure.  Note the small degree of pullout of the peritubular 
dentin as indicated by the white arrows inside the crack. 

Figure 10:  Typical stiffness-loss data obtained during a stress-life test, showing the drop in 
maximum load at constant displacement as a function of the number of loading 
cycles.  (a)  The stiffness is relatively constant for the majority of the test, until 
(b) it drops significantly near the end.  This implies that the majority of the life is 
spent in initiating a growing crack.  

Figure 11:  Plot of the variation in fatigue-crack growth rates, da/dN, with the stress-intensity 
range, ∆K, for human dentin in HBBS at R = 0.1.  Results suggest a simple Paris 
power-law relationship, with an exponent of m ~ 17, for crack-growth behavior.  
The inset shows an illustration of the geometrical configuration used for these 
calculations. 

Figure 12:  Predicted fatigue lives, in terms of the number of loading cycles Nf, as a function 
of the initial flaw size, ao, for a range of in-service stresses based on a 
hypothetical fracture-mechanics life-prediction analysis for a tooth subjected to 
typical physiological stresses between 5-20 MPa.  Time-based lifetime estimates 
are based on a nominal 106 cycles per year. 
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Figure 1: Schematic illustration of a typical human tooth with the section (shown by dotted 
line) made for the purpose of specimen preparation.  Note the tubules running from the 
dentin-enamel junction towards the pulp in the interior of the tooth. 
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Figure 2: Micrograph illustrating the typical microstructure of human dentin.  The most 
striking feature is the pseudo-periodically placed 1-2 µm diameter tubules.  The orientation 
of the micrograph is perpendicular to the long axis of the tubules. 
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Figure 3:  Schematic illustration of the cantilever beam geometry used for in vitro fatigue 
and sustained-load stress-life testing.  Each dentin beam tested included some root dentin and 
some coronal dentin.  Testing was conducted in HBSS at ambient temperature. 
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Figure 4:  Stress-life (S/N) data for dentin in HBSS in the form of the stress amplitude, σa, as 
a function of the number of cycles to failure, Nf.  Results were obtained at frequencies of 2 
Hz and 20 Hz, with a load ratio of R = 0.1.  Horizontal arrows represent samples that did not 
fail.  Inset shows the definition of the various stresses associated with the fatigue cycle. 
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Figure 5:  Stress-time data for dentin in HBSS in the form of the maximum stress, σmax, as a 
function of the time to failure, tf.  Results were derived from those in Fig. 4 together with the 
results of two sustained-load tests.  Horizontal arrows represent samples that did not fail.  
The schematics illustrate the stress levels and sequences used for these tests. 
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Figure 6:  Low magnification scanning electron micrograph of a failed stress-life fatigue 
sample, showing the probable fatigue crack initiation site (indicated by white arrows) on the 
top surface where the tensile stresses are at a maximum.  The extension of the fatigue crack 
proceeds from right to left until catastrophic failure occurs. 
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Figure 7:  Higher magnification scanning electron micrographs of the cyclic fatigue region 
of the fracture surface, showing evidence of pullout of the peritubular dentin cuffs (indicated 
by white arrows).  The nominal direction of crack growth is from left to right. 
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Figure 8:  Corresponding scanning electron micrographs of the overload fracture region of 
the fracture surface.  Although this fracture surface is macroscopically “rougher” than that of 
the fatigue fracture surfaces, the morphology is essentially identical.  Some evidence of 
pullout of the peritubular dentin cuffs (indicated by white arrows) can again be seen.  The 
nominal direction of crack growth is from left to right. 
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Figure 10:  Typical stiffness-loss data obtained during a stress-life test, showing the drop in 
maximum load at constant displacement as a function of the number of loading cycles.       
(a)  The stiffness is relatively constant for the majority of the test, until (b) it drops 
significantly near the end.  This implies that the majority of the life is spent in initiating a 
growing crack. 
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Figure 11:  Plot of the variation in fatigue-crack growth rates, da/dN, with the stress-
intensity range, ∆K, for human dentin in HBBS at R = 0.1.  Results suggest a simple Paris 
power-law relationship, with an exponent of m ~ 17, for crack-growth behavior.  The inset 
shows an illustration of the geometrical configuration used for these calculations. 
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Figure 12:  Predicted fatigue lives, in terms of the number of loading cycles Nf, as a function 
of the initial flaw size, ao, for a range of in-service stresses based on a hypothetical fracture-
mechanics life-prediction analysis for a tooth subjected to typical physiological stresses 
between 5-20 MPa.  Time-based lifetime estimates are based on a nominal 106 cycles per 
year. 
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