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ABSTRACT 

The mechanical performance of the dentin-adhesive interface contributes significantly to the 

failure of dental composite restorations. Rational material design can lead to enhanced mechanical 

performance, but this requires accurate characterization of the mechanical behavior at the dentin-

adhesive interface. The mechanical performance of the interface is typically characterized using 

bond strength tests, such as the micro-tensile test. These tests are plagued by multiple limitations 

including large variations in the test results. The challenges associated with conventional tensile 

tests limit our ability to unravel the complex relationships that affect mechanical behavior at the 

dentin-adhesive interface. This study used the diametral compression test to overcome the 

challenges inherent in conventional bond strength tests. The bovine femur cortical bone tissue was 

considered as a surrogate material (the mineralized tissue) for human dentin. Two different 

adhesive formulations, which differed by means of their self-strengthening properties, were 

studied. The tensile behavior of the mineralized tissue, the adhesive polymer, and the bond strength 

of the mineralized tissue – adhesive interface was determined using the diametral compression 

test. The diametral compression test improved the repeatability for both the tensile and bond 

strength tests. The rate dependent mechanical behavior was observed for both single material and 

interfacial material systems. The tensile strength and bond strength of the mineralized tissue-

adhesive interface was greater for the self-strengthening formulation as compared to the control.  

Keywords: Bond Strength, Dental Adhesives, Mineralized Tissue, Biomaterials, Diametral 

Compression Test, Indirect Tensile Test, Interface 
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1. Introduction 

 Comprehensive understanding of the bond mechanics at the dentin – adhesive interface is 

critical to address dental caries, a major health problem: It was estimated that 3.5 billion cases 

related to dental caries were reported worldwide in 2017 [1-8]. Unhealthy teeth are frequently 

repaired using resin-based composites [9, 10]. The treatment aims to regain the natural appearance 

and load bearing capacity of the tooth. This particular treatment (i.e., dental composite restoration) 

provides relief to patients. However, the relief may be limited to 5 to 7 years  [11]. Material design 

that is informed by a comprehensive understanding of the factors leading to failure offers promise 

for extending the lifetime of composite restorations. 

The overall clinical performance of the dental composite restoration is determined, in part, by 

the contribution of each component at the dentin-adhesive interface [12-14]. The composition of 

the interface includes dentin, adhesive polymer, and the hybrid layer. The hybrid layer is 

demineralized dentin collagen partially or completely infiltrated by adhesive polymer. The 

mechanical performance of the interface depends on the load bearing characteristics of the 

materials that make up the dentin – adhesive interface.  

Bond strength is the typical property that demonstrates the load bearing capacity of the dentin-

adhesive interface.  A variety of loading modes and applications are used for bond strength tests, 

including tensile, micro tensile, shear, micro shear, pull- and push-out tests [15-22]. Interfacial 

imperfections, substrate characteristics, adhesive polymer, hybrid layer, specimen geometry, 

specimen size, and loading configuration are the factors that significantly affect bond strength [23].  

Micro tensile and shear tests achieve relatively reliable characterization of bond strength when 

performed over a small interfacial cross-sectional area (i.e., approximately 1 mm2) [21, 22, 24]. 

Cohesive type of failure is prevented in micro tests as the cross-sectional area is small compared 
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to macro-scale applications [25]. However, large variations are reported for micro tensile and shear 

bond strength testing modes. For example, broad variations were observed in micro tensile (i.e., 6 

to 75 MPa) and micro shear modes (i.e., 6 to 39 MPa) [26, 27]. Large variations, particularly in 

conventional tensile testing, can be related to its underlying mechanics. Particularly, this type of 

mechanical testing presents inherent challenges in terms of sample preparation and consistent 

application of boundary conditions. The boundary conditions often diverge from the application 

of relatively pure tensile loading and uniform distribution of stress.  

The diametral compression test constitutes an efficient alternative that overcomes many of the 

abovementioned challenges. Diametral compression test is also known as split tensile test and 

indirect tensile test [28] and is commonly used for tensile strength measurements on single material 

systems and composites [28-34]. Recent studies have used the diametral compression test for bond 

strength measurement on interfacial specimens, such as post-dentin disks and bovine dentin-

adhesive-composite [34-36]. The typical test configuration is based on a specimen with a disk 

geometry. The disk is compressed on its curved edges between two load platens [28]. This load 

application induces tensile action that is perpendicular to the axis of loading [31]. Notably, the 

diametral compression test allows a convenient specimen preparation and load application 

compared to the conventional tensile test. The geometry is simplified to a disk and the load is 

applied without any attachment, fixation or grips. The disk specimen is simply placed between 

load platens. In this study, the diametral compression test was modified to improve the 

repeatability of the experiments by introducing a hole in the disk center [37]. This central hole 

constitutes a preset weakness in heterogeneously defective materials, such as the mineralized 

tissue. The preset weakness stimulates the initiation of diametral failure.  
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The performance of the interfacial material system is determined by the behavior of each 

component, i.e. the dentin, adhesive polymer, and, more importantly the hybrid layer. Therefore, 

the tensile nature of the involved components requires particular attention during the investigation 

of the bond strength at the dentin-adhesive interface. Due to its inherent weakness [38-42], the 

hybrid layer dictates the bond strength at the dentin-adhesive interface.  

This study considered the bovine femur cortical bone as a surrogate material for human dentin. 

Cortical bone possesses microstructural and compositional similarities with dentin. These 

similarities include relatively comparable organic to volume ratio and complementary 

composition, i.e., calcium phosphate based apatite, type-I collagen and fluid [43]. Besides these 

similarities, the bovine femur has greater accessibility for specimen preparation compared to the 

human tooth.  

The complete nature of the mineralized tissue – adhesive interface was investigated in this 

study. Using the diametral compression test, these investigations focused on two aspects. The first 

aspect concentrated on exploring the tensile damage and failure of each component of the 

mineralized tissue – adhesive interface. For this aspect, a modified diametral compression test was 

performed on the mineralized tissue and the adhesive polymer. The second aspect was the 

interfacial characterization via the diametral compression test to characterize the bond strength at 

the mineralized tissue – adhesive interface. Both single material and interfacial diametral 

compression tests were conducted at different loading rates, as illustrated in Fig. 1. Different 

loading rates were selected to reveal the rate-dependent nature of these material systems. In 

addition, we note that teeth in function are subjected to a range of loading rates during 

chewing/biting. Moreover, recent studies led to the development of new polymer chemistries for 

dental adhesives. These new polymer chemistries significantly improve the mechanical 
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performance of adhesive polymer by introducing photoacid-induced sol-gel reaction [44-47]. To 

this end, two adhesive formulations, i.e., with and without γ-methacryloxypropyl trimethoxysilane 

(MPS), were evaluated using both single material and interfacial mechanical tests. MPS was 

reported to provide self-strengthening property to dental adhesives leading to superior strength 

[48].  

 

 

Fig. 1. The representation of the diametral compression test of disk specimens made of the 

mineralized tissue and adhesive polymer and the interfacial specimen made of the mineralized 

tissue and adhesive to perform bond strength measurement.  

2. Materials and Methods 

2.1 Sample Preparation 

The experimental characterization was done on two types of specimens. The first type is the 

ring specimen, where a disk geometry has a hole in the center. The second type is the interfacial 

specimen, where the ring specimen has an adhesive inclusion in the hole. The specimens were 

derived from the mineralized tissue and adhesive resins.  
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2.1.1 Mineralized Tissue 

The mineralized tissue specimens were obtained from a bovine femur’s cortical bone (Fig. 

2(a)) [37]. Initially, the bovine femur was coarsely cut into large sections. Afterwards, the sections 

along the diaphysis of the bone were cut into smaller sections via a diamond saw (Isomet 1000, 

Buehler, Lake Bluff, IL). The diametral compression test specimens were shaped using a mini 

lathe (Mini lathe G8688, Grizzly, Bellingham, WA). The machining processes were conducted 

while keeping the specimens hydrated. The geometry of each specimen was a 1.5 mm-thick disk 

with a diameter of 3 mm and a 1mm-diameter hole. The hole was placed using a drill bit mounted 

in the mini lathe. The given dimensions were achieved with a tolerance of +/- 0.05 mm. In total, 

30 specimens were prepared from the cortical bone. From the prepared bone specimens, 10 were 

used as ring specimens and 20 were used for preparing interfacial specimens. All of the disks were 

stored in phosphate-buffered saline solution with a pH of 7.4 (Sigma-Aldrich, St. Louis, MO) and 

~0.1 wt% sodium azide [49].  
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a 

 
b 

 
c 

 

Fig. 2. (a) Bovine cortical bone tissue (mineralized tissue) ring specimen derived from the 

diaphysis of the bone. (b) Adhesive polymer specimen that was cut into a disk specimen from a 

larger adhesive polymer cylinder that contains a hole in its center. (c) The bovine cortical bone 

ring specimen that is applied with the adhesive resin in the center hole in order to prepare an 

interfacial specimen. All specimens were dyed with a black permanent marker before the 

mechanical test to reveal the fracture path. After machining, all specimens have a diameter of 3 

mm, a thickness of 1.5 mm and a hole diameter of 1 mm. 
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2.1.2 Adhesive Polymers 

The adhesive polymers were prepared according to the following protocol. Initially, 2,2-

Bis[4-(2-hydroxy-3-methacryloxypropoxy) phenyl]propane (BisGMA), 2-hydroxyethyl 

methacrylate (HEMA), camphoroquinone (CQ), ethyl-4-(dimethylamino) benzoate (EDMAB), 

and diphenyliodonium hexafluorophosphate (DPIHP) were purchased from Sigma-Aldrich (St. 

Louis, MO).  γ-methacryloxypropyl trimethoxysilane (MPS) was obtained from MP Biomedicals 

(Solon, OH). Moreover, methacryloxyethoxytrimethylsilane (MES, 95%) was obtained from 

Gelest Inc. (Morrisville, PA). All chemicals were used as received without further purification.   

Fig. A1 presents the chemical structures of components that were used in the formulations (see the 

Appendix). 

The control and experimental adhesive formulations, C1 and E1, respectively, were 

prepared by making the neat methacrylate-based resins (see the Appendix, Table A1). In detail, 58 

wt% HEMA, 30 wt% BisGMA, and 10 wt% MES (C1) or MPS (E1) were mixed and CQ (0.5 

wt%), EDMAB(0.5 wt%), and DPIHP (1.0 wt%) were used as the three component photoinitiator 

(PIs) system [50-52]. The monomer/PIs mixtures  were prepared in brown glass vials under amber 

light [46].   

To achieve the desired geometry for the diametral compression test, the adhesive polymer 

specimens were initially prepared as cylindrical samples. The prepared resin (~400 µL) was 

injected into a Celprogen clear 96-well microplates (CAT#E36110-37-96well), covered with 

mylar film, and photo-polymerized with a commercial visible-light-curing unit (Spectrum®800, 

Dentsply, Milford, DE) at 550 mW/cm2 for 40 s. The polymerized cylindrical samples (~6.4 mm 

diameter and 11 mm height) were stored in the dark at 37 °C for 5 days before further processing. 

Following the same approach as the sample preparation of the mineralized tissue, adhesive 
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polymer specimens were shaped using the mini lathe, the specimens were kept hydrated during 

the machining process. The adhesive polymer specimens were prepared with the same geometry 

and dimensions as the cortical bone disk specimens (Fig. 2(b)). In total, 6 specimens were prepared 

from each formulation. Since the adhesive polymers are being developed for application in the 

wet, oral environment, it is important to understand the behavior in wet conditions and thus, all 

adhesive specimens were kept in distilled, deionized water for 5 days [48, 53]. The polymer 

specimens became swollen in water and their final dimensions were measured. For E1 adhesive 

specimens, the thickness was ~1.60 mm, the diameter was ~3.10 mm and the hole diameter was 

~0.84 mm. For C1 adhesive specimens, the thickness was ~1.61 mm, the diameter was ~3.16 mm 

and the hole diameter was ~1.00 mm. 

2.1.3 Interfacial Specimens 

The interfacial specimens were prepared using 20 mineralized tissue ring specimens and the 

adhesive resins, E1 and C1. We particularly focus upon wet bonding to etched mineralized tissue 

via hybrid layer formed as collagen-adhesive composites [54].” The interfacial specimen was 

designed as a disk geometry of two concentric parts. The mineralized tissue ring specimens were 

used for the outer layer and the center inclusions were created by applying each E1 and C1 

adhesive formulations separately (Fig. 2(c)). The mineralized tissue disk specimens were divided 

into two groups, where each adhesive formulation was applied to 10 disk specimens. In order to 

apply the adhesives, the hole surface in the mineralized tissue disk was first etched with a mixture 

of phosphoric acid and ethanol (60% v/v 35% H3PO4+ 40% v/v ethanol) for 10 min and then 

rinsed with deionized water. The resin was applied to fill the hole in the mineralized tissue disk 

and light-irradiated for 40 s at 23±2 °C using a commercial light source (Spectrum® 800, Dentsply, 
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Milford, DE. Light intensity is 550 mW/cm2). Finally, the mineralized tissue - adhesive interfacial 

specimens were stored in 1x PBS solution (containing ~0.1 wt% sodium azide) at 37°C for 5 days, 

to allow time for dark-cure. In the oral environment, the mineralized tissue – adhesive interface is 

exposed to wet conditions. Therefore, the wet conditions were maintained to obtain clinically 

relevant measurements.  

2.2 Mechanical Test 

The mechanical test was conducted via Microtest stage (Microtest 200N Stage, Deben UK 

Ltd., Bury St Edmunds, UK) (Load cell range: 200N with the accuracy 1% of full scale range, 

extension range: 10 mm with the position readout accuracy of 0.1% of full scale range, standard 

speed range: 0.1 mm/min to 1.5 mm/min) (Fig. 3). Two sets of specimens were tested and two 

different loading rates were applied on each set. The loading rates were selected as the high loading 

rate of 1 mm/min and the low loading rate of 0.2 mm/min.  The number of ring specimen for C1 

and E1 formulations was chosen to be 3, respectively, for each test-type (loading-rates) given the 

repeatability of the polymerized adhesives. For the mineralized tissue and interfacial specimen, 

considering their heterogeneity, the number of specimen was chosen to be 5 for each test-type 

(loading-rates). All specimens were kept hydrated during the mechanical experiments. The 

specimens were only removed from the wet environment to perform the mechanical tests. The test 

was video recorded via in-house slow-motion microscopy, 1280x720 pixels and 240 frames per 

second. 
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Fig. 3. Micro-tensile test stage where the diametral compression test was performed and the 

close-up image of a ring specimen. The hole in the center constitutes a preset weakness location 

to promote failure. 

3. Results 

Mechanical tests provided the force-displacement relationships regarding the tensile nature of 

the mineralized tissue and polymer adhesives, C1 and E1. Moreover, the bond strength information 

was obtained from the testing of the interfacial specimens of the mineralized tissue – C1 adhesive 

and the mineralized tissue – E1 adhesive. Additionally, deformation and failure patterns were 

obtained from the video recordings.  

3.1 Mineralized Tissue  

From the bovine cortical bone specimens that were subject to 1 mm/min loading rate, the 

average peak force was 77.61 N where the minimum peak force was 69.49 N and the maximum 

force was 84.11 N (Fig. 4(a)(Row 1)). The average failure displacement was 0.39 mm where the 

minimum failure displacement was 0.37 mm and the maximum failure displacement was 0.44 mm 

(see the Appendix, Table A2).  
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a b c 

 
  

   

Fig. 4. (a) Force-displacement results obtained from the diametral compression test of the 

mineralized tissue ring specimens. Snapshots from the diametral compression test: (b) the 

undeformed specimen and (c) the specimen after failure (post-failure). Row 1: at 1 mm/min 

loading rate. Row 2: at 0.2 mm/min loading rate.  

 

As noted from the comparison of Fig. 4(b)(Row 1) with Fig. 4(c)(Row 1), the image after 

failure reveals that a discoloration zone emerged on the surface of the mineralized tissue specimen 

(circled with yellow line) at 1 mm/min loading rate. This discoloration indicates where the fracture 

initiated and how it propagated. The fracture started inside out along the loading axis and 

propagated towards the loading surface. The quality of the image was compromised due to a water 

film on the specimen surface. The specimens need to be hydrated to prevent changes in the 

microstructure due to dehydration. We note that the water film also pose difficulty for optical 

imaging techniques. In the future, we will improve the mechanism of keeping the specimen 
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hydrated and image acquisition such that they can potentially be analyzed via digital image 

correlation or other advanced image analysis techniques to obtain field measurements. 

For the mineralized tissue ring specimens subjected to 0.2 mm/min loading rate, the average peak 

force yielded 51.50 N where the minimum peak force was 48.9 N and the maximum force was 

56.44 N ignoring the one outlier (Fig. 4(a)(Row 2)). Besides, the failure displacement was 

averaged as 0.28 mm where the minimum was 0.27 mm and the maximum was 0.31 mm. It is 

observed that both the average peak force and the average failure displacement of the mineralized 

tissue ring specimens at 0.2 mm/min loading rate were lower than their average peak force and 

displacement at 1 mm/min loading rate, respectively (see the Appendix, Table A2).  

When the mineralized tissue ring specimen was subject to the loading rate of 0.2 mm/min, 

the discoloration zone was observed at the same location as noted with the 1 mm/min loading rate. 

The failed specimen (Fig. 4(c)(Row 2)) had the fracture initiation around the hole and along the 

loading axis. This is clearly observed when the failed specimen’s surface is compared to the intact 

specimen (Fig. 4(b)(Row 2)). The fracture path was circled with a yellow line and it was found to 

be between the load surface and the hole on the loading axis. The observed fracture initiation 

location and the fracture path of the mineralized tissue at loading rate of 0.2 mm/min matched with 

the location of initiation and evolution of its fracture at 1 mm/min loading rate. 

3.2 Adhesive Polymers 

The polymer ring specimens made of C1 formulation and tested at 1 mm/min had an average 

peak force of 28.50 N (Fig. 5(a)(Row 1)). The minimum peak force was measured 27.57 N and 

the maximum was 29.74 N. The average displacement at failure was 0.52 mm where the minimum 

and maximum were 0.46 mm and 0.57 mm, respectively. The average failure force of C1 adhesive 

specimens at 1 mm/min loading rate was substantially smaller than the average failure force of the 
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mineralized tissue at both 1 mm/min and 0.2 mm/min loading rate. On the other hand, C1 adhesive 

specimens failed at a larger displacement at 1 mm/min loading rate compared to the mineralized 

tissue specimens at both 1 mm/min and 0.2 mm/min loading rates (see the Appendix, Table A2). 

 

 

a b c 
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Fig. 5. (a) Force-displacement results obtained from the diametral compression test of the 

polymer adhesive ring specimens. Snapshots from the diametral compression test: (b) the 

undeformed specimen and (c) the specimen after failure (post-failure). Row 1: C1 adhesive at 1 

mm/min loading rate. Row 2: C1 adhesive at 0.2 mm/min loading rate. Row 3: E1 adhesive at 1 

mm/min loading rate. Row 4: E1 adhesive at 0.2 mm/min loading rate. 

The post-failure pattern (Fig. 5(c)(Row 1)) of C1 adhesive ring specimen at the loading 

rate of 1 mm/min shows that the fracture initiated at the hole and propagated along the loading 

axis. In comparison, with the undeformed specimen (Fig. 5(b)(Row 1)), it is noted that the failure 

evolves towards the contact surfaces with the load platens. Additionally, C1 adhesive specimen 

appears highly deformed by compression while reaching failure at 1 mm/min loading rate. In 

comparison, the shapes of the failed mineralized tissue specimens are similar to their undeformed 

shapes at both loading rates of 1 mm/min and 0.2 mm/min. This observation is complemented by 

the average failure displacement of C1 adhesive specimen at 1 mm/min loading rate that is larger 

than the average failure displacement of the mineralized tissue at both 1 mm/min and 0.2 mm/min 

loading rates. 

C1 adhesive ring specimens that were subject to 0.2 mm/min loading rate resulted a peak 

force average of 21.56 N (Fig. 5(a)(Row 2)). The minimum peak force was 21.30 N and the 

maximum peak force was 22.06 N. The failure displacements were averaged as 0.55 mm where 

their minimum and maximum were 0.46 mm and 0.71 mm, respectively. For the C1 adhesive, the 

failure force at 0.2 mm/min loading rate is substantially lower than the failure force at 1mm/min 
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loading rate.  On the other hand, C1 adhesive had almost the same average failure displacement at 

0.2 mm/min as 1 mm/min loading rate. However, the minimum and maximum failure 

displacements at both loading rates suggests that C1 adhesive at 0.2 mm/min yields a relatively 

lower failure displacement than the failure displacement at 1 mm/min (see the Appendix, Table 

A2). 

The experimental snapshots of C1 adhesive ring specimens at 0.2 mm/min loading rate 

show that the specimen started to fail at the hole along the load axis (Fig. 5(c)(Row 2)). Moreover, 

the orientation of the fracture path appears towards the loading surface by comparing the circled 

zone in (Fig. 5(c)(Row 2)) to the intact specimen in (Fig. 5(b)(Row 2)). The observed fracture 

pattern of C1 adhesive specimen at 0.2 mm/min is similar to its fracture pattern at 1 mm/min. C1 

adhesive specimen underwent relatively higher deformation than the mineralized tissue at both 

loading rates of 1 mm/min and 0.2 mm/min before reaching the failure similar to its behavior at 1 

mm/min loading rate. 

The ring specimens made of E1 formulation resulted in the average peak force of 38.63 N 

at 1 mm/min loading rate (Fig. 5(a)(Row 3)). The lowest peak force of E1 specimens was 35.34 N 

and the highest peak force was 41.85 N. The displacement corresponding to the peak forces was 

averaged to be 0.34 mm where their minimum and maximum were 0.33 mm and 0.40 mm, 

respectively. At 1 mm/min loading rate, E1 adhesive specimens failed at a higher load compared 

to C1 adhesive and smaller load than the mineralized tissue. It is noted that the average failure 

displacement of E1 adhesive specimens at 1 mm/min closely approximated the average failure 

displacement of the mineralized tissue whereas it was smaller than C1 adhesive specimen’s failure 

displacement at both 1 mm/min and 0.2 mm/min (see the Appendix, Table A2).  
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E1 adhesive ring specimens started failing along the loading axis (yellow circles) (Fig. 

5(c)(Row 3)) at loading rate of 1 mm/min. When the intact specimen (Fig. 5(b)(Row 3)) is 

compared to the failed specimen (Fig. 5(c)(Row 3)), it is clear that the failure initiated at the hole 

and propagated to the load surface following the loading axis. The shape comparison of 

undeformed and failed E1 specimens indicates failure after relatively low deformation. Compared 

to C1 adhesive specimen at both loading rates, E1 adhesive specimens at 1 mm/min undergo much 

lower deformation before failure. The fracture path of E1 adhesive specimens is the same as both 

the mineralized tissue and C1 adhesive specimens at 1 mm/min and 0.2 mm/min loading rates.  

When E1 adhesive ring specimens were subjected to 0.2 mm/min loading rate, the average 

peak force was 27.48 N (Fig. 5(a)(Row 4)). The minimum peak force was 26.95 N and the 

maximum was 28.05 N. The corresponding failure displacement resulted in an average of 0.32 mm 

with a minimum of 0.29 mm and a maximum of 0.33 mm. Compared with their behavior at 1 

mm/min, E1 adhesive specimens failed at a lower load at 0.2 mm/min. However, the average 

failure force of E1 adhesive at 0.2 mm/min was quite close to C1 adhesive’s average failure force 

at 1 mm/min. In terms of the average failure displacement, E1 adhesive was on the lower side 

compared to its average failure force at 1 mm/min and C1 adhesive’s average failure force at both 

loading rates (see the Appendix, Table A2).  

At the loading rate of 0.2 mm/min, fracture initiation was observed at the hole and it 

coincides with the loading axis (circled zone) as seen from Fig. 5(c)(Row 4). After the fracture 

initiates at the hole, it continues on the loading axis in the direction of the load platens. This fracture 

evolution is clearly seen by comparing the specimen before failure (Fig. 5(b)(Row 4)) and after 

failure (Fig. 5(c)(Row 4)). E1 adhesive specimen followed the same fracture pattern at 0.2 mm/min 

as its fracture pattern at 1 mm/min loading rate. Its post-failure shape was close to its undeformed 
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shape, as expected from the force-displacement relationship that indicates relatively low 

deformation while reaching the failure.   

3.3 Interfacial Specimens 

The interfacial specimens of the mineralized tissue – C1 adhesive had the average peak force 

of 86.67 N at 1 mm/min (Fig. 6(a)(Row 1)). Their lowest peak force was 70.75 N and the highest 

peak force was 93 N. Their failure displacements were averaged as 0.48 mm where the minimum 

and maximum were 0.38 mm and 0.62 mm, respectively. As expected, the mineralized tissue – C1 

adhesive interfacial specimens failed at a higher load compared to mineralized tissue ring 

specimens at 1 mm/min loading rate. Besides, the failure displacement also increased with the 

inclusion of C1 adhesive in the specimen compared to the mineralized tissue ring specimen. 

However, the average failure displacement of the mineralized tissue – C1 adhesive interfacial 

specimens was smaller than C1 adhesive ring specimens’ average failure displacement (see the 

Appendix, Table A2).  
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Fig. 6. (a) Force-displacement results obtained from the diametral compression test of the 

interfacial specimens. Snapshots from the diametral compression test: (b) the undeformed 

specimen and (c) the specimen after failure (post-failure). Row 1: the mineralized tissue – C1 

adhesive at 1 mm/min loading rate. Row 2: the mineralized tissue – C1 adhesive at 0.2 mm/min 
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loading rate. Row 3: the mineralized tissue – E1 adhesive at 1 mm/min loading rate. Row 4: the 

mineralized tissue – E1 adhesive at 0.2 mm/min loading rate. 

 

As seen from Fig. 6(b)(Row 1) and Fig. 6(c)(Row 1), there is a discoloration zone at the 

interface on the transverse axis to the loading axis on the surface of the failed specimen (yellow 

circle, Fig. 6(c)(Row 1)). When this discoloration zone is compared to the intact specimen (Fig. 

6(b)(Row 1)), it is observed that the failure evolves at the interface orthogonal to the loading axis. 

This fracture pattern of the mineralized tissue – C1 adhesive interfacial specimen was quite 

different from both the mineralized tissue and adhesive specimens. For both the mineralized tissue 

and adhesive specimens, the fracture pattern was inside out from the hole along the load axis.   

When interfacial specimens made of mineralized tissue and C1 adhesive were tested at 0.2 

mm/min loading rate, the average peak force was 81.69 N with a minimum of 69.70 N and a 

maximum of 88.07 N (Fig. 6(a)(Row 2)). When the specimens reached their peak forces, they 

resulted in the displacement average as 0.41 mm. The minimum failure displacement was 0.37 mm 

whereas the maximum was 0.45 mm. It is clearly seen that the mineralized tissue – C1 adhesive 

interfacial specimens failed at both lower load and lower displacement at 0.2 mm/min than their 

average failure load and average failure displacement at 1 mm/min loading rate. It is also observed 

that the average failure force and failure displacement of the mineralized tissue – C1 adhesive 

specimens at 0.2 mm/min were higher than the mineralized tissue ring specimen’s average failure 

force and displacement at 1 mm/min loading rate (see the Appendix, Table A2). 

The experimental post-failure snapshot of the mineralized tissue – C1 interfacial specimen 

at 0.2 mm/min (Fig. 6(c)(Row 2)) shows the separation at the interface along the axis that is 

transverse to the loading axis (yellow circled). The interfacial separation gets smaller towards the 
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loading axis, indicating the propagation of the failure toward the load axis when the post-failure 

pattern is compared to the intact specimen (Fig. 6(b)(Row 2)). The post-failure pattern of the 

mineralized tissue – C1 adhesive interfacial specimen at 0.2 mm/min loading rate is the same as 

its post-failure pattern at 1 mm/min loading rate.  

When the interfacial specimens made of the mineralized tissue and E1 adhesive were tested 

at 1 mm/min, they reached the average peak force of 119.72 N (Fig. 6(a)(Row 3)). The minimum 

peak force was 110.23 N and the maximum peak force was 129.16 N. The displacements 

corresponding to their peak forces were averaged as 0.51 mm where their lowest one was 0.48 mm 

and their highest one was 0.55 mm. The mineralized tissue – E1 adhesive interfacial specimens 

were significantly higher in the average failure load and displacement than the mineralized tissue 

– C1 adhesive interfacial specimens at 1 mm/min loading rate. They exhibited average failure 

displacement that is close to the average failure displacement of C1 adhesive ring specimens (see 

the Appendix, Table A2).  

The failure initiation at the mineralized tissue – E1 adhesive interfacial specimen was 

observed at the interface on the transverse axis to the loading when the specimen was subject to 

the loading rate of 1 mm/min (Fig. 6(c)(Row 3)). The discoloration zone, which indicates the 

failure, appears to be smaller towards the load surfaces when the undeformed specimen (Fig. 

6(b)(Row 3)) is compared with the failed interfacial specimen (Fig. 6(c)(Row 3)). This reveals that 

the fracture evolves toward the loading axis. Therefore, the fracture path of the mineralized tissue 

– E1 adhesive interfacial specimen at 1 mm/min loading rate was the same as the mineralized 

tissue – C1 adhesive interfacial specimen at both loading rates of 1 mm/min and 0.2 mm/min.  

For the mineralized tissue – E1 adhesive interfacial specimens at 0.2 mm/min loading rate, 

the average failure load was 103.49 N with a minimum of 93.25 N and a maximum of 112.63 N 
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(Fig. 6(a)(Row 4)). They failed at an average displacement of 0.48 mm where the lowest failure 

displacement was 0.43 mm and the highest failure displacement was 0.50 mm. The mineralized 

tissue – E1 adhesive interfacial specimens reached failure at 0.2 mm/min loading rate at a lower 

load than their behavior at 1 mm/min loading rate whereas it was significantly higher than the 

average failure load of the mineralized tissue – C1 adhesive interfacial specimen’s average failure 

load at 1 mm/min loading rate. Similarly, the average failure displacement of the mineralized tissue 

– E1 adhesive interfacial specimen at 0.2 mm/min was relatively lower than its average failure 

displacement at 1 mm/min loading rate. However, it was quite close to the average failure 

displacement of the mineralized tissue – C1 adhesive interfacial specimen at 1 mm/min (see the 

Appendix, Table A2). 

When the snapshots of the diametral compression test on the interfacial specimen of the 

mineralized tissue – E1 adhesive are compared to the intact (Fig. 6(b)(Row 4)) and post-failure 

(Fig. 6(c)(Row 4)) states at 0.2 mm/min loading rate, it is observed that the specimen initiated 

failure at the interface along the transverse axis to the load axis. The propagation of the failure 

appeared in the direction towards the load axis along the interface. This failure pattern was the 

same as the mineralized tissue – E1 adhesive interfacial specimen at 1 mm/min loading rate and 

the mineralized tissue – C1 adhesive interfacial specimens at both 1 mm/min and 0.2 mm/min 

loading rates (see the Appendix, Table A2). 

4. Discussion 

It is noted that all force-displacement relationships obtained from both the ring specimens and 

the interfacial specimens experienced a small concave upward trend in the measurement. This type 

of behavior is likely due to the stiffening associated with the growing area between the surface of 

the specimen and the load platens [37]. As it is seen from the force-displacement curves, the 
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hardening mechanism competes with the softening mechanism. Initially, the hardening mechanism 

is dominant and the specimens’ response gets stiffer at each load increment. However, the 

softening mechanism, most likely caused by accumulation of the damage within the specimen, 

takes over close to the yielding observed in the force-displacement curve. In materials that 

experience dissipation due to combination of damage and rate dependency it is empirically not 

possible to identify the dominant source of softening at a particular loading stage (see for example 

[55]). As the damage increases, the specimens reach failure and eventually, they experience post-

peak softening.  

When the post-failure snapshots of specimens are compared to the intact shape of the 

specimens, it is noted that the failure pattern is the same for all ring specimens. The failure is 

initiated as a discoloration at hole that coincides with the diametral load axis. Afterward, the failure 

propagates along the diametral axis towards the loading surface while the discoloration intensifies. 

Eventually, the specimen experiences abrupt fracture when the specimen cannot resist more 

separation along the diametral axis.  

On the other hand, the interfacial specimens exhibit a different failure pattern than the 

failure pattern of ring specimens, although they have the same failure pattern when compared to 

each other. The failure of the interfacial specimens starts at the interface that coincides with the 

transverse axis to the diametral load axis. It is noted that this failure or separation at the interface 

is observed only on one side of the interface. This behavior likely results from the randomly 

heterogeneous defect distribution in the mineralized tissue section of the interfacial specimens. 

This heterogeneity might cause discontinuities in the stress distribution, such as stress 

concentrations that will likely lead to the asymmetrical failure pattern at the interface. Besides, the 

asymmetrical failure pattern might arise from the variation in the uniformity of bonding at the 
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interface. The bonding uniformity at the interface will be thoroughly examined via Raman 

spectroscopy in the future. Moreover, it is also seen that the failure propagates along the interface 

towards the intersection of the interface with the diametral load axis. This particular failure path 

can be attributed to the mineralized tissue section. It is already noted that the specimen fails at the 

hole along the loading axis when there is no inclusion in the ring specimens. In the presence of the 

inclusion, the initial failure is shifted towards the transverse axis and grows towards the loading 

axis along the interface. The failure evolves along the interface and later propagates to the 

mineralized tissue along the loading axis. Notably, this failure shift location was observed to be 

the failure initiation location of the mineralized tissue ring specimens [37]. It may be possible that 

the mineralized tissue starts accumulating damage at this location when the failure initiates at the 

interface. Therefore, the failure shift location can be considered as a secondary failure location. 

The ring specimens were prepared to include a preset weakness to promote and control the 

initial failure location. It also complements the understanding of the failure of the interfacial 

specimens since the identical mineralized tissue ring specimens were used to prepare the interfacial 

specimens. The results from the diametral compression test of the mineralized tissue ring 

specimens were compared to published data.  Comprehensive results were available for the 

mechanical strength of human cortical bone [56]. The published data was reported in terms of 

stress. To enable one to one comparison, the force measurements in this study were converted into 

stress. To this end, the apparent tensile strength of the ring specimen was calculated by using the 

following equation [57-60]:  

𝜎𝑡 = 2𝑃(6 + 38𝑟̅2)/𝜋𝐷𝑡  
(Eq. 1) 

where 𝜎𝑡 is the apparent tensile strength of a ring specimen, P is the measured force, 𝑟̅ is the ratio 

of the hole diameter to the outer diameter, D is the outer diameter and t is the thickness of the 
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specimen. The average apparent tensile strength of the mineralized tissue specimens was 112.23 

MPa and 74.47 MPa at 1 mm/min and 0.2 mm/min loading rates, respectively. The apparent tensile 

strength calculated using (Eq. 1) is in the range of the tensile strength reported in the literature for 

human cortical bone [56]. It is noted, however, that the literature values (1) often do not report the 

loading rates or use rates that are different from that used in this work, and (2) have a much wider 

variation likely due to the natural variability of the tissue and also the uncertainty of the testing 

procedure [56].  

The data obtained from the testing of the polymer adhesives were also calculated in terms 

of their apparent tensile strength. The average tensile strength of C1 and E1 adhesives at 1 mm/min 

loading rate was calculated as 35.11 MPa and 43.91 MPa, respectively. Moreover, C1 and E1 

adhesives have an apparent tensile strength of 26.56 MPa and 31.24 MPa, respectively, at 0.2 

mm/min loading rate.   

Similarly, the data obtained from the testing of the interfacial specimens were converted 

into apparent tensile strength by using the following equation [33, 57, 61, 62]: 

𝜎𝑡 = 2𝑃/𝜋𝐷𝑡  
(Eq. 2) 

where 𝜎𝑡 is the apparent tensile strength of a disk specimen, P is the measured force, D is the disk 

diameter and t is the disk thickness. It is noteworthy that Eq. 2 applies only to the center of a 

homogeneous disc and is used here only to provide an estimate of the bond strength. For the bond 

strength characterization, it was assumed that the apparent tensile strength is the bond strength 

since it was observed that the interfacial specimens reached failure at the interface. To this end, 

the average bond strength data for the mineralized tissue – C1 adhesive interface was calculated 

as 12.26 MPa and 11.56 MPa at 1 mm/min and 0.2 mm/min loading rates, respectively. On the 

other hand, the mineralized tissue – E1 adhesive interface resulted in the average bond strength of 
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16.94 MPa and 14.64 MPa at loading rates of 1 mm/min and 0.2 mm/min, respectively, which are 

comparable to published data from conventional bond strength characterization of dentin-adhesive 

interface via micro-tensile test [26, 27] and a diametral compression test on dentin-adhesive-

composite interface for bond strength characterization [34]. In detail, a recent study followed a 

similar approach using the diametral compression test on interfacial specimens where the 

specimens were prepared as three sections [34]. These three sections were bovine dentin tissue as 

the mineralized tissue at the outer section, a bonding agent as adhesive in the middle section and 

restorative composite at the inclusion section. Moreover, the specimens in that study were tested 

in a vertical configuration whereas in this study the specimens were tested in a horizontal 

configuration. The testing configuration can potentially affect the application of the assumed 

boundary conditions due to the alignment of the specimen during loading. Both vertical and 

horizontal configurations are considered applicable to this measurement. In particular, the 

horizontal configuration improves the alignment between the load platens. The improved 

alignment of a specimen establishes convenience in the application of desired boundary conditions 

for the diametral compression test. While considering these differences, it is noted that the results 

from the published investigation provide a benchmark to verify the reliability of the bond strength 

characterization in this study.  

Furthermore, the higher loading rate yielded higher average failure force and displacement 

for all materials and interfacial pairs. This observation is due to the viscoelastic nature of both the 

mineralized tissue and the polymer adhesive materials where the viscoelastic material stiffens with 

the increasing loading rate (see the Appendix, Table A2).  

When C1 and E1 adhesives are compared in terms of their failure load at both 1 mm/min and 

0.2 mm/min loading rates, it is seen that E1 adhesive’s failure load is higher than C1 adhesive at 
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both loading rates. This finding can be explained by the mechanical response of amorphous 

polymer that is strongly affected by the crosslinking density [63]. E1 adhesive polymer has higher 

crosslinking density due to the further contribution of the sol-gel reaction to strengthen the polymer 

network [44-46]. However, the higher crosslinking density is also why E1 adhesive specimens 

failed at a lower displacement compared to the C1 adhesive specimens. This phenomenon is 

suggested by a molecular dynamics simulation study where more strain concentrations emerged 

from a higher crosslinking density [63]. Eventually, the specimen fails in a more brittle manner 

with the increased strain concentrations, which is observed by comparing brittle failure of E1 

adhesive, whose crosslinking density is higher than C1 adhesive that failed in a more ductile 

manner. Moreover, at the higher loading rate E1 adhesive showed a significant increase in failure 

load as compared to the C1 adhesive (see the Appendix, Table A2). This behavior of E1 adhesive 

may be due to the relaxation of pedant side chains and dynamic hydrogen bonds where the 

increasing loading rate requires a shorter process for dissociation of reversible cross-links [64]. 

The effects of cross-linking on failure and rate-dependence through changes in elastic modulus as 

well as viscous dissipation need further investigation informed by theories and relationships that 

are both representative and robust [65]. 

In the bond strength measurement, it is observed that the mineralized tissue – E1 adhesive 

interface yields significantly higher bond strength than the mineralized tissue – C1 adhesive 

interface at both 1 mm/min and 0.2 mm/min loading rates (see the Appendix, Table A2). This 

superior mechanical strength of the mineralized tissue – E1 adhesive can be addressed by the 

hydrolyzed MPS in E1 adhesive. The hydrolyzed MPS contains three silanol groups whereas C1 

adhesive has no silanol groups and has less amount of hydrogen bond donor/acceptor [48]. A 

condensation reaction between the silanol and hydroxyl groups of collagen could lead to additional 
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bonding.  This will reduce the polymer/collagen chain mobility and inhibit the plastic flow while 

being deformed. Moreover, the theoretical density of polymer and polymer/collagen hybrid 

materials is determined by the crosslinker content. The chain reorganization possibility diminishes 

with higher crosslinking density [66, 67] and this is reflected in higher stiffness [68, 69]. The 

hybrid networks also stiffen since the motion of the side chain can be hindered by more hydrogen 

bonds such as silanol-silanol, silanol-hydroxyl and silanol-collagen, etc.) [70]. 

5. Summary and Conclusions 

The dental restorative materials design lacks a reliable measurement of mechanical properties. 

To address this limitation, we investigated the mechanical properties of the bovine cortical bone 

tissue – dental adhesive interface and its components experimentally. Due to compositional 

similarities and accessibility, the bovine cortical bone tissue was preferred as a surrogate material 

for human dentin. The diametral compression test was performed to reveal the tensile nature of the 

mineralized tissue (the cortical bone) and the adhesive polymers, as well as the bond strength of 

the mineralized tissue – adhesive interface. Two different adhesive formulations were investigated 

during this study, i.e. the experimental formulation contained γ-methacryloxypropyl 

trimethoxysilane (MPS) while the control (C1) formulation did not. MPS was reported to provide 

self-strengthening characteristics to the adhesives.  

After performing the tests at two different loading rates, the tensile strength of the materials 

and the bond strength of the interfacial material systems were evaluated. The rate-dependent nature 

was distinctly observed for the mineralized tissue, adhesive polymers and the interfacial material 

systems. Both the tensile strength of the bovine cortical bone tissue and the bond strength of the 

mineralized tissue – adhesive interface were found to be in good agreement with the literature. The 

experimental post-failure snapshots revealed failure initiation locations and paths of failure 
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evolution in both single material and interfacial testing. The self-strengthening adhesive, E1, had 

higher tensile strength and bond strength to the mineralized tissue as compared to C1 adhesive. 

Under tensile loading, the self-strengthening adhesive, E1, is brittle in comparison to C1 adhesive. 

(see the Appendix, Table A2). The difference in the mechanical behavior was mainly linked to the 

properties of E1 adhesive. These properties include a higher crosslinking density, more hydrogen 

bonds and lower chain mobility than C1 adhesive. It is noted that the mechanical test technique 

selected in this study effectively eliminated the drawbacks inherent to the conventional tensile 

testing. However, the physical experiment alone may not necessarily deliver the true mechanics 

underlying the tensile nature and bond mechanics [37] as well as the granular nature of both the 

mineralized tissue and the cross-linked adhesive polymer [71-73]. A deeper understanding of the 

true tensile nature and bonding characteristics of these material systems can be established through 

the assistance of complementary techniques such as finite element analysis and digital image 

correlation to reveal stress and strain distribution on the domain of interest, such as hybrid layer, 

where the deformation and failure mechanisms can be investigated thoroughly. Future work will 

consider predictive models closely with the experimental data to obtain the distribution and 

evolution of stresses and strains during the loading process to understand the mechanism of failure 

initiation and propagation, including the prediction of fracture toughness. 
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Appendix 

 

 

 
 

Fig. A1. Chemical structures of components that were used in the formulations [48]. 

 

Table A1. Composition of C1 and E1 formulations. (C1: Control and E1: Experimental) 
 

Run (wt%) C1  E1 

HEMA 58 58 

BisGMA 30 30 

MES 10 - 

MPS - 10 

CQ 0.5  0.5 

EDMAB 0.5 0.5 

DPIHP 1.0 1.0 

Total 100 100 

 

The following table presents the mean, the minimum and the maximum failure force and failure 

displacement values obtained from the diametral compression tests. 
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Table A2. The failure force and failure displacement results obtained in the experiments. The 

results are presented in the mean, minimum and maximum values for all specimens at all loading 

rates.   

  Peak force [N] Peak displacement [mm] 

Specimen 
Load rate 

[mm/min] 
Mean Min Max Mean Min Max 

Mineralized 

tissue 

1 77.61 69.49 84.11 0.39 0.37 0.44 

0.2 51.50 48.90 56.44 0.28 0.27 0.31 

C1 polymer 

1 28.50 27.57 29.74 0.52 0.46 0.57 

0.2 21.56 21.30 22.06 0.55 0.46 0.71 

E1 polymer 

1 38.63 35.34 41.85 0.34 0.33 0.40 

0.2 27.48 26.95 28.05 0.32 0.29 0.33 

Mineralized 

tissue - C1 

interface 

1 86.67 70.75 93.00 0.48 0.38 0.62 

0.2 81.69 69.70 88.07 0.41 0.37 0.45 

Mineralized 

tissue - E1 

interface 

1 119.72 110.23 129.16 0.51 0.48 0.55 

0.2 103.49 93.25 112.63 0.48 0.43 0.50 
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