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Abstract
Purpose: Osteoporosis is a critical global health issue. However, the biomechanical properties of osteoporotic trabecular bone have not been well understood due to its hierarchically complex structure mingled with accumulated microcracks. Previous studies indicated the mechanical behaviors of trabecular bone may differ with varying amounts of deformation. Therefore, this study aims to further reveal the relationship between the measured mechanical properties of osteoporotic trabecular bone and various amounts of deformation volume during micro-indentation. 
Methods: Two trabecular specimens were dissected transversally and frontally from an osteoporotic lumbar vertebral (L5) cadaver and embedded into Methyl methacrylate. On each specimen, two orthogonal cuts were performed to make a right-angle, followed by five parallel slicing. On each slice, the region of interest was gridded into 16 (4  4) sub-regions with the size equal to the microscope field. Within each sub-region, indentations were made on a single trabecula with five different indentation depths (3, 4, 5, 6, 7 µm) to induce different deformation volume. Both the indentation hardness and modulus were computed from the indenting curve for each measurement. The results of the five slices are pooled together to represent the longitudinal and circumferential mechanical characteristics, respectively. Linear regression was performed to investigate the relationship between the measured mechanical properties and various deformation volumes.
Results: A total of 1055 indents were made. After eliminating outliers, 840 indents were left for data analysis with 490 indents from transversal slices and 350 indents from frontal slices. Both the hardness and modulus decreased with the increasement of indentation depths. The hardness decreased by slopes of -0.65 (R2 = 0.72, p-value = 0.044) and -0.869 (R2 = 0.95, p-value = 0.003) longitudinally and circumferentially while the modulus decreased by slopes of -0.39 (R2 = 0.82, p-value = 0.02) and -0.348 (R2 = 0.94, p-value = 0.004) longitudinally and circumferentially.
Conclusions: Mechanical properties of trabecular bone measured by micro-indentation can alter with the variation of deformation volume, which reflects the nonlinear behavior of vertebra from the material perspective. 
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1. Introduction
The mechanical performance of bone matrix is an important index on understanding the etiology of bone fractures in bone disease such as osteoporosis [1] since bone tissue material properties can affect the skeletal functions significantly [2]. However, bone mechanical properties are difficult to characterize [3] because bone is a highly hierarchical natural composite material [1], which includes collagen proteins (diameter of 2-3 nm and length of  about 200 nm); mineralized (plate-shaped nanocrystals that closely resembles hydroxyapatite) collagen fibril (diameter of 200-500 nm); lamella(2-7 µm); osteon (100-300 µm); bone tissue of cortical shell or trabeculae (0.1-3 mm) [1, 4, 5].  In trabecular bone, the mineralized collagen fibers are stacked in a semi-randomly pattern by running parallel to the strut surface [5]. The resulting heterogeneous structure is significantly different from conventional continuum material. Its mechanical properties may vary during deformation. It has been reported that the nanoscopic sacrificial bonds [6], the arrangement of collagen fibrils [7], the lamellar and interlamellar composite difference [2], and the accumulation of microdamage [8, 9] can all contribute to the tissue level mechanical properties of trabecular bone. The mechanical response of trabecular bone may thus vary when the deformation volume increases.
Among mechanical properties, hardness and elastic modulus play significant roles in implant design and evaluation of patients’ bone state. Hardness, the resistance ability of a material to penetrations or permanent deformations [10], is closely related to the yield strength. Cahoon et. al had shown that the 0.2% material offset yield strength can be derived from hardness measurements given pyramid hardness H and Meyer’s hardness coefficient m with the expression   [11]. Even though the exact relation for bone-specific material needs to be verified, the hardness value can reflect patients’ bone strength condition. Therefore, hardness is a good predictor for the mechanical competence of trabecular bone [12-15]. Stiffness, represented by the elastic modulus, is the ability to resist deformation and can be defined as the slope of the linear region in the stress-strain curve [16]. Bone stiffness is a crucial factor to determine the press-fit stability of implants through the known “elastic grip” of radial stresses [17, 18]. For patients with stiffer bone, more force is required to set the implant [19] and the gripping force is greater for certain deformation [20]. For patients with less stiff bone, the case is on the opposite. In this study, both the Vickers hardness (HV) and elastic indentation modulus (Eind) were measured since both of them play significant roles in implant design and evaluation of patients’ bone state.
Since the early 1950s micro-indentation has been employed to characterize the mechanical properties of bone tissue [4], especially after the development of depth-sensing technique in the 1990s [1]. Per this technique, a lot of studies [1, 2, 15, 21, 22] had been executed to measure the mechanical properties of bone. In literature, 10 gf (about 100 mN) to 100 gf (about 1 N) loadings are used in micro-indentations [12, 23-25]. According to the authors, only a few investigations were performed under varying loadings. In 2003, Coats et al studied 10 gf (about 100 mN) and 50 gf (about 500 mN) loading effects on HV of trabecular bone obtained from femoral heads of osteoarthritis patients and found no systematic difference between the two levels [24]. In 2007, Dall’Ara et al also compared HV of femoral heads of osteoarthritis patients under different tissue conditions using 25 gf (about 250 mN) and 50 gf loads [25]. They concluded no statistically significant difference between these two loading levels. In 2008, Zhang et al tested both hardness and modulus of cortical bone from monkey vertebra by using nano- and micro-indentation under low-load (0.1 mN-10 mN) and high-load (100 mN-1 N) conditions respectively. In the end, they found the modulus decrease as the peak load increases but they suggest the trend is not assured since the variations tend to be within the range of standard deviation. No significant difference was observed for hardness in their study [26]. Another study was performed by Donnelly et al in 2006, nano-indentation was employed to study the variation of mechanical properties of lamellar and interlamellar bone under different maximum load. They indicated there is a decrease in modulus and hardness with increasing load for the lamellar region but little influence on the interlamellar zone [2]. Therefore, the effect of varying indentation loads on the mechanical behavior of bone is still under debate without any solid conclusion.
In these previous studies usually, only a single surface, mostly the halved surface of femoral head, was measured with random selections of testing spots. Thus, they were planar studies with possible inconsistencies because the bone mechanical properties are spatially heterogeneous. In contrast to those previous examinations, we sliced the sample into five slices and pooled the measured mechanical properties of each slice together to represent the mechanical properties of the tested sample. Furthermore, instead of using various loads, varying indentation depths were employed because the deformation volume can be estimated [1, 27] based on Hertz’s theory, where the participating volume is estimated as being about nine times the indentation depth along the loading direction and about seven times the same depth in the radial axis [28]. With this estimation, the deformation was guaranteed to be confined within the bone region with no or little influence from the supporting resins. The essential effect of varying loads or indentation depths is to alter the deformation volume. Under such experimental settings, this study is designed to reveal the relationship between the mechanical properties of osteoporotic trabecular bone and the amount of deformation volume. We hypothesized the mechanical properties of osteoporotic trabecular bone vary with the increasing amount of deformation volume. 
2. Materials and methods
2.1 Sample excision
Two samples (Figure 1) along longitudinal and frontal directions were excised, respectively, from the lumbar 5 (L5) vertebra cadaver of a 95 years old woman with the T-score of -3.6 without any skeletal pathologies. First, the cadaver was thawed about 30 minutes in the 40C water bath. Then, it was segmented with a wire saw through the sagittal plane (dash line in Figure 1) to be the left and right portions. On the left portion, a superior-inferior sample (upper right of Figure 1) was excised while an anterior-posterior sample (lower right of Figure 1) was dissected on the right portion. The superior-inferior sample is used to study the trabecular longitudinal mechanical properties and the anterior-posterior sample is for studying trabecular circumferential properties. 
[image: ]
Figure 1. The longitudinal and circumferential samples obtained from the L5 vertebra cadaver. The superior-inferior sample (right upper) was excised from the cross-square region and the anterior-posterior sample (right lower) was dissected from the rectangle region.
2.2 Sample preparation (dehydration & embedding) 
The two samples were immersed into 10% buffered formalin (Marching Pharmaceutical Ltd., Hong Kong) for fixation [23, 29]. After fixation, the samples were rinsed under tap water for 2 hours in two separate sinks. Dehydrations [2, 22, 25, 26, 30] were then conducted in 70%, 95%, and 100% ethanol successively for 2 days each. When the dehydration finished, the samples were submerged with Xylene (GR GRADE, DUKSAN PURE CHEMICALS, KOREA) which work as the intermedium of MMA (Methyl methacrylate, Merck Schuchardt OHG, Germany). Two preliminary infiltrations were followed with MMA I (100% MMA) and MMA II (with a ratio of 1 liter MMA to 20 grams benzoyl peroxide (Merck, Schuchardt, Germany)). Finally, the samples were embedded [2, 12, 21, 22, 24-26] into MMA III (with a ratio of 1 liter MMA to 40 grams benzoyl peroxide to 250ml dibutyl phthalate (Merck, Schuchardt, Germany)). 
2.3 Slicing and in-field registration 
 Microtome (EXACT 300CP Band System complete with Precision Parallel Control CP (Contact Point), 300CP/0177 3031/CP/N/0359) was employed to cut the two embedded samples (Figure 2a) into five slices (Figure 2c) transversely and frontally with about 250 µm thickness. The thickness was ten times [1] greater than our deepest indentation. To minimize the damage caused by wire saw cutting, the sample was sliced from the central section (between the parallel lines in Figure 2a). 
The embedded specimen was cut orthogonally to make the right-angle mark (Figure 2b) for the later registration of each slice in the field of tester microscope so that all five slices are aligned through their origins. Sectioned slices (Figure 2c) were fixed onto the acrylic slide for grinding. Micro-grinding machine (EXAKT 400 CS Micro Grinding System, 40CS/ 0069) with gradually decreasing grit size (P800, P1200, P2400 and P4000) of silicon carbide abrasive paper was employed to polish the sample surface to a finish roughness of around Ra 500 nm for an evaluation length of about 100 µm, which is much greater than the largest diagonal length of indentation. The area covered by the grid (Figure 2c) is our region of interest (ROI) which is about 6.4 mm  4.8 mm region with 16 (4 × 4) grids. 
After polishing, the slice was placed onto the objective table and registered based on the right angle (Figure 2d). To minimize the damage of cutting, two translations (Figure 2d) and Figure 2e) were run from the origin to the first testing grid numbered as [1,1]. From [1,1] grid on, indentations were made on the single trabecula (Figure 2f) within each grid. 
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Figure 2. The slices and its registration in the field of the microscope. (a) is the embedded sample. The two extra short holding bars are prepared for clamp. The two parallel lines indicate the central portion from which the slices were cut. (b) shows the orthogonal cutting edges. (c) is the slice with the grids indicating the region of interest (ROI). Indentations were made within each grid. (d) is the registered slice in the field of the microscope by superimposing the origin of slice onto the origin of the microscope field. The arrow indicated the diagonal translation. (e) is the result of translation 1 and a second translation is performed to obtain the first test grid [1,1] illustrated in (f) with the individual trabecula to be indented. 
2.4 Micro-indentation protocol
2.4.1 Indentation calculations
Fischer/Fischerscope HM2000 XYp with the 4-sided diamond pyramid Vickers indenter [24, 25] was employed for micro-indentations. There were detailed descriptions for different indenter types and their applications in literature [1] [10]. The measurement method of the indenter employed in our study is Martens hardness (HM) measurement under test load according to ISO1457. It has a load range of 0.1-2000 mN and a maximum indentation depth of 150 µm and the testing uncertainty is 4%. 
The Oliver-Pharr method was used to calculate the indentation hardness H and the elastic indentation modulus Eind [31]:

	 	

	 	

	 	

	 	

where Pmax is the peak load and A is the projected elastic contact area. dP/dh is the stiffness of the upper portion of the unloading data. Er is the reduced modulus, Eind is the indentation modulus of the material, Etip and tip are the elastic modulus and Poisson’s ratio of the diamond indenter tip with known values of 1140 GPa and 0.07, respectively [26].
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Figure 3. Indentation tests on PMMA reference block for verifying tester accuracy. Three independent indents are made on randomly selected points. Both the indentation hardness and elastic indentation modulus fell within a 5% deviation of the nominated values.
Before testing on bone specimens, a standard PMMA reference block was employed  to calibrate the precision of the tester. The three test curves were shown in Figure 3. with the linearized slope dP/dh illustrated for test 1. Usually, there are two ways for calculating the hr value (auxiliary quantity for computing the projected area of contact A) and the compliance dh/dP (tangent to the unloading curve): linear extrapolation and power law. In this study,  the first method was employed in which the unloading portion in the range of 65%  95% maximum force is used to calculate the slope. The results indicate that the error is well within 5%. After obtaining the projected area A and slope dP/dh, the hardness and indentation modulus can be calculated readily.
2.4.2 Indenting scheme
Five indentations on each trabecula were performed with the indentation depth of 3, 4, 5, 6, 7 µm. The target trabeculae should be large enough to do five indentations. Different from previous micro-indenting studies with random measurements, sequential indenting mode ( Figure 4.) was devised with an indenting path (blue arrows) and gridded sub-regions (4 × 4 red grids). 
Indenting points within each grid were specifically chosen to guarantee all the indents were practically along the central line of each single trabecular. Benefited from the X/Y programming feature of the tester, all indenting points can be precisely chosen and appended to the indenting list. After selections, the indenter can automatically indent all the appended points following the appending order. Indenting points were selected sequentially along the path shown in Figure 4. grid by grid with the vertical offset of 1.2 mm and horizontal offset of 1.6 mm which were equal to the height and width of the microscope field respectively. The grid refers to the microscope field with the field origin denoted by the blue point and the offsets were based on the field origin. Within each grid, 5 individual indentations were performed on each trabecula corresponding to the 5 different indentation depths. No indentation was performed for the grid with no trabeculae or the trabeculae are not large enough to do 5 indentations. After the selection, the field center was returned to the origin and then moved to the next grid. 
The decision making of indenting points in all grids were identical until all the grids finished. Finally, an ROI of about 6.4 mm  4.8 mm was tested on each slice with a thickness of about 250 µm. The whole volume ROI is 6.4 mm  4.8 mm  1.25 mm. 
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Figure 4. The indenting scheme and the trabeculae investigated with the scanning electron microscope (SEM). The discrete white portions are the trabeculae and the grey part is the PMMA. The red grids are the sub-ROIs that divide the whole ROI into 4 × 4 sub-areas which are just equal to the size of the microscope field. The blue dots are the origins of fields as the offset reference. Since the vertical and horizontal offsets are equal to the height and width of the field so that the offset path is a “continuous” scan of the ROI. 
2.5 Data analysis
The Vickers hardness and elastic indentation modulus were recorded for analysis. The Vickers hardness was derived from the indentation hardness and the elastic indentation modulus was calculated from the reduced modulus. Two kinds of outliers were excluded from the data analysis. The first kind is those within a depth group on a slice which means deviation from the planar mean of that indentation depth group, and the other kind is those among the five measurements on a single trabecula using the five different indentation depths which means deviation from the trabecular mean. Whenever an outlier was found, all five indentations were discarded.
Since there is only one factor  indentation depth, one-way ANOVA is an appropriate and reasonable statistical analysis method [32]. For ANOVA analysis, there are three assumptions: (1) Independence [33]; (2) Normality [34] and (3) Homogeneity of variance [32]. Independence can be confirmed since the distance between indentations is large enough to have no interactions between any two measurements. Levene’s tests were employed to test the variance homogeneity among the five different indentation depth groups. Shapiro-Wilk’s tests were adopted for the normality check of each group. The slice-by-slice tests were performed followed by the pooled data of the five slices. 
If both similar variance and normality were met with non-significant p-values, one-way ANOVA (analysis of variance) was used to check whether the mechanical properties were significantly different among the five groups. Otherwise, the Kruskal-Wallis (K-W) test, a non-parametric alternative to one-way ANOVA, was performed. For significant ANOVA tests, Tukey’s Honest Significant Differences (Tukey HSD) post hoc test was employed to distinguish the significantly different groups, otherwise, the non-parametric Dunnett’s post hoc test was applied. Finally, a linear regression was performed to illustrate the varying trend of mean mechanical properties of each group against indentation depth.
Statistical significance level was set at 5% and all statistical analyses were performed using RStudio (Version 1.1.463 – © 2009-2018 RStudio, Inc.).
3. Results
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]A total of 1055 indents were made, including 690 indents from the five transversal slices and 365 indents from the five coronal slices. After eliminating outliers, 840 indents were obtained for data analysis with 490 indents from transversal slices and 350 indents from frontal slices. The typical quintuplet was shown in Figure 5a. The 7 µm depth indent shown in Figure 5b illustrated no cracks  can be observed. 
In this study, the Vickers hardness was employed since it is widely adopted in most of the literature [14, 18, 23-25, 35, 36]. Poisson’s ratio of bone tissue is usually assumed to be 0.3 to calculate the elastic modulus of the tested sample. But the relative error is 9.9% to -8.2% when the Poisson’s ratio vary from 0.2 to 0.4 [15]. Thus indentation elastic modulus, instead of elastic modulus, was reported in this study to avoid the error due to the assumption on the Poisson’s ratio [1]. 
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[bookmark: _GoBack]Figure 5. The indentation quintuplet on a single trabecula (a) and the mark of 7 µm indent (b). In (a),  five indents were corresponding to the five different indentation depths. If there was one indent unusually greater or smaller than the others, then the whole group was discarded. In (b), there was no crack appeared along the diagonal so that the recovery could be assumed as elastic. 
3.1 Measured results of Vickers hardness and elastic indentation modulus
The hardness and modulus on each slice and the pooled results of the five slices longitudinally and circumferentially have been summed up in Table 1 and 2 respectively. By comparing the pooled data in the two tables, the longitudinal properties from transversal slices are significantly greater than the circumferential values for both hardness and modulus in each indentation depth group. The mean longitudinal hardness is greater than the mean circumferential hardness by at most 21.96% in 7 µm group (41.66 vs. 34.16) and by at least 15.60% in 4 µm group (43.06 vs. 37.25). The difference in mean modulus was  by at most 28.74% in 7 µm group (8.69 GPa vs. 6.75 GPa) and by at least 21.99% at 6 µm group (8.60 GPa vs. 7.05 GPa). Furthermore, a declining trend was observed from 3 µm to 7 µm indentation depth groups for both the hardness and modulus, especially for modulus with the drop up to 15.30%  and 17.98% along the longitudinal and circumferential directions respectively.   
For slice-wise values, there is no obvious increasing or decreasing tendency from 3 µm to 7 µm except for the 4th  transversal slice and the 1st frontal slice where a continuous reduction was detected. 
Table 1. The measured Vickers hardness and elastic indentation modulus on the transversal slices.
	
	3 µma
	4 µm
	5 µm
	6 µm
	7 µm
	

	
	(9415)b
	(15918)
	(25230)
	(35557)
	(47060)
	(%)c

	Vickers hardness

	
	43.106.94f
	38.647.50
	42.598.06
	40.206.53
	40.065.04
	3.04(7.05)

	Slice 1d
	3.00g
	3.24
	3.49
	2.82
	2.18
	1.31(46.45)

	N=23e
	16.10h
	19.42
	18.93
	16.24
	12.58
	6.84(35.22)

	
	43.144.46
	42.676.72
	41.465.56
	41.704.56
	39.954.65
	3.19(7.39)

	Slice 2
	2.15
	3.24
	2.68
	2.20
	2.24
	1.09(33.64)

	N=19
	10.33
	15.75
	13.40
	10.92
	11.63
	5.42(34.41)

	
	45.187.38
	44.286.76
	42.346.63
	38.975.66
	42.455.66
	6.21(13.75)

	Slice 3
	3.27
	3.00
	2.94
	2.51
	2.51
	0.86(23.24)

	N=22
	16.34
	15.28
	15.65
	14.52
	13.34
	2.30(12.24)

	
	45.204.63
	44.769.23
	43.006.80
	42.715.29
	42.166.27
	2.52(5.58)

	Slice 4
	2.38
	4.74
	3.50
	2.72
	3.22
	2.36(49.79)

	N=17
	10.25
	20.61
	15.82
	12.38
	14.87
	10.36(50.27)

	
	45.927.67
	45.624.70
	45.855.31
	44.455.45
	45.944.41
	1.49(3.24)

	Slice 5
	3.94
	2.42
	2.73
	2.80
	2.27
	1.67(42.39)

	N=17
	16.70
	10.30
	11.59
	12.26
	9.59
	7.11(42.57)

	
	44.366.65
	43.067.37
	42.766.66
	41.235.90
	41.665.82
	3.13(7.06)

	Pooled
	1.31
	1.46
	1.32
	1.16
	1.15
	0.31(21.23)

	N=98
	14.99
	17.12
	15.59
	14.30
	13.98
	3.14(18.34)

	Elastic indentation modulus (GPa)

	
	9.732.32
	8.391.98
	8.532.30
	8.221.60
	7.771.97
	1.96(19.53)

	Slice 1
	0.96
	0.82
	0.95
	0.66
	0.81
	0.30(31.25)

	
	23.86
	23.61
	26.91
	19.45
	25.33
	7.46(27.72)

	
	10.322.14
	9.712.23
	9.321.72
	8.811.83
	9.001.35
	1.51(14.63)

	Slice 2
	1.03
	1.07
	0.83
	0.88
	0.65
	0.42(40.78)

	
	20.74
	22.98
	18.50
	20.79
	15.04
	7.97(34.68)

	
	11.132.29
	9.782.09
	9.061.87
	8.221.93
	8.601.84
	2.91(26.15)

	Slice 3
	1.02
	0.93
	0.83
	0.86
	0.81
	0.21(20.59)

	
	20.61
	21.41
	20.63
	23.47
	21.33
	2.86(12.19)

	
	9.991.82
	9.572.35
	9.051.56
	8.711.64
	8.641.79
	1.35(13.51)

	Slice 4
	0.94
	1.20
	0.80
	0.84
	0.92
	0.40(42.55)

	
	18.24
	24.54
	17.28
	18.85
	20.72
	7.26(29.58)

	
	9.892.02
	8.402.04
	8.772.24
	8.361.55
	7.981.83
	1.91(19.31)

	Slice 5
	0.87
	0.88
	0.97
	0.67
	0.79
	0.30(30.93)

	
	23.77
	19.05
	19.50
	22.38
	15.62
	8.15(34.29)

	
	10.262.15
	9.422.16
	9.091.86
	8.601.79
	8.691.72
	1.57(15.30)

	Pooled
	0.43
	0.43
	0.37
	0.36
	0.35
	0.08(18.60)

	
	20.94
	22.88
	20.42
	20.77
	19.81
	3.07(13.42)



Table 2. The measured Vickers hardness and elastic indention modulus on the frontal slices.
	
	3 µm
	4 µm
	5 µm
	6 µm
	7 µm
	

	
	(8211)b
	(13020)
	(20231)
	(29042)
	(39351)
	(%)

	Vickers hardness

	
	38.326.53
	36.666.41
	36.005.90
	35.465.87
	34.355.49
	3.97(10.36)

	Slice 1d
	3.36
	3.29
	3.04
	3.02
	2.82
	0.54(16.07)

	N=17
	17.04
	17.47
	16.40
	16.57
	16.00
	1.47(8.41)

	
	37.495.54
	37.5410.35
	36.885.60
	38.806.99
	34.696.04
	2.85(7.35)

	Slice 2
	3.96
	7.41
	4.01
	5.00
	4.32
	3.45(46.56)

	N=10
	14.78
	27.58
	15.19
	18.02
	17.40
	12.80(46.41)

	
	34.076.37
	37.964.49
	37.816.05
	34.305.11
	33.334.22
	4.63(12.20)

	Slice 3
	3.85
	2.71
	3.65
	3.09
	2.55
	1.30(37.77)

	N=13
	18.70
	11.82
	16.00
	14.89
	12.66
	6.88(36.79)

	
	37.708.32
	37.785.98
	37.467.46
	35.405.94
	35.785.35
	2.38(6.30)

	Slice 4
	4.28
	3.08
	3.83
	3.05
	2.75
	1.53(35.75)

	N=17
	22.08
	15.84
	19.91
	16.77
	14.96
	7.12(32.25)

	
	40.666.45
	36.397.89
	32.595.91
	34.993.54
	32.235.48
	8.43(20.73)

	Slice 5
	3.90
	4.77
	3.57
	2.14
	3.31
	2.63(55.14)

	N=13
	15.86
	21.67
	18.14
	10.12
	17.01
	11.04(50.95)

	
	37.696.96
	37.256.82
	36.186.40
	35.625.58
	34.165.31
	3.53(9.37)

	Pooled
	1.66
	1.63
	1.53
	1.33
	1.27
	0.39(23.49)

	N=70
	18.47
	18.31
	17.68
	15.67
	15.56
	2.91(15.76)

	Elastic indentation modulus (GPa)

	
	8.341.63
	7.401.81
	7.171.84
	7.041.85
	6.881.49
	1.46(17.51)

	Slice 1
	0.84
	0.93
	0.95
	0.95
	0.76
	0.19(20.00)

	
	19.59
	24.52
	25.67
	26.20
	21.59
	6.61(25.23)

	
	8.811.93
	8.261.84
	8.051.01
	7.871.50
	6.991.19
	1.82(20.66)

	Slice 2
	1.38
	1.31
	0.73
	1.07
	0.85
	0.65(47.10)

	
	21.94
	22.25
	12.59
	19.08
	17.05
	9.66(43.42)

	
	7.431.92
	7.752.01
	7.481.84
	6.551.47
	6.491.57
	1.26(16.26)

	Slice 3
	1.16
	1.21
	1.11
	0.88
	0.94
	0.33(27.27)

	
	25.81
	25.96
	24.57
	22.47
	24.19
	3.49(13.44)

	
	7.892.17
	7.461.59
	7.251.90
	7.101.77
	6.961.55
	0.99(12.55)

	Slice 4
	1.11
	0.82
	0.98
	0.91
	0.80
	0.45(40.54)

	
	27.52
	21.34
	26.18
	24.95
	22.33
	6.18(22.46)

	
	8.851.76
	7.322.00
	6.661.30
	6.851.13
	6.401.40
	2.45(27.68)

	Slice 5
	1.06
	1.21
	0.78
	0.69
	0.85
	0.52(42.98)

	
	19.87
	27.34
	19.54
	16.55
	21.95
	10.79(39.47)

	
	8.231.91
	7.591.81
	7.281.67
	7.051.60
	6.751.44
	1.48(17.98)

	Pooled
	1.91
	1.81
	1.67
	1.60
	1.44
	0.47(24.61)

	
	23.23
	23.90
	23.01
	22.73
	21.39
	2.51(10.50)


aThe various nominal indentation depths. The true indentation depth was about 10% greater than the nominal one. For the 3 µm nominal indentation depth, the true indentation depth was about 3.3~3.4 µm. 
bThe corresponding peak force (mN) to the indentation depth (meanstandard deviation).
cThe difference  = (maximum  minimum) for the five indentation depths along each row and the difference percentage is ( / maximum  100)%. 
dThe slices with slice 1 as the superior slice and slice 5 as the inferior slice for transversal slices while slice 1 as the anterior slice and slice 5 as the posterior slice for frontal slices. 
eThe number of indents for each indentation depth. 
fMean value  standard deviation.
g95% Confidence Level.
hCOV (coefficient of variance = mean / standard deviation).
3.2 Normality and variance homogeneity
For the normality test, five tests are required for the five groups on each slice. Only the minimum values of S-W tests were reported in Table 3 on each slice. Also, only the minimum p-value was reported for the pooled data. For variance homogeneity, Levene’s tests gave the variance similarity among the five groups on each slice and the pooled data.
The tested results in Table 3 show that the data on a single slice can be non-normally distributed with significant p-values while the pooled data representing the tested volume follow the normal distribution.
Table 3. The normality and variance homogeneity tests on each slice and the pooled data of the volume 
	
	Min. p-values of S-W Test
	
	p-Values of Levene’s Test

	Transversal slices

	
	HV
	Eind
	
	HV
	Eind

	Slice 1
	0.3257a
	0.0440*
	
	0.4854
	0.5147

	Slice 2
	0.1607
	0.2232
	
	0.5878
	0.4406

	Slice 3
	0.2349
	0.0283*
	
	0.4597
	0.7939

	Slice 4
	0.0846
	0.0716
	
	0.1177
	0.8847

	Slice 5
	0.0636
	0.1629
	
	0.2540
	0.6637

	Pooled
	0.5678b
	0.1550
	
	0.1453
	0.2011

	Frontal planes

	
	HV
	Eind
	
	HV
	Eind

	Slice 1
	0.4538
	0.2179
	
	0.8826
	0.9014

	Slice 2
	0.0685
	0.4781
	
	0.3052
	0.2030

	Slice 3
	0.0451*
	0.0806
	
	0.6322
	0.9689

	Slice 4
	0.0133*
	0.0232*
	
	0.4262
	0.3709

	Slice 5
	0.3275
	0.0931
	
	0.2355
	0.2739

	Pooled
	0.2715
	0.1550
	
	0.1388
	0.2305


Significance codes : “*” 0.05.
aMinimum p-value of each slice for the 5 indentation depth groups.
bMinimum p-value for the pooled data of the 5 slices.
3.3 ANOVA analysis and Kruskal-Wallis test
Based on the normality and variance homogeneity tests in Table 3, ANOVA was performed for those single slices and the pooled data with non-significant p-values while K-W tests were adopted for those having at least one significant p-values in which normality cannot be assumed. 
For slice-wise tests, the significant mean difference was found in both hardness and modulus on transversal slice 3. Besides, modulus difference was also significant on transversal slice 1. On frontal slices, there is a significant difference in both hardness and modulus on slice 5 and  marginal significance was detected in hardness of slice 3.
Different from slice-based tests, both transversal and frontal pooled data showed a significant difference among the five groups. It is noticed that there is a significant difference within the pooled data while the difference within most of the single slice is insignificant from each other.

Table 4. The ANOVA and K-W tests for the mean difference of hardness and modulus on each slice and the pooled data.
	p-values for the mean value difference among 5 different indentation depths

	
	Transversal slices
	
	Frontal slices

	
	HV
	Eind
	
	HV
	Eind

	Slice 1
	0.157
	0.017*#
	
	0.407
	0.120

	Slice 2
	0.386
	0.324
	
	0.775
	0.133

	Slice 3
	0.022*
	<0.001***#
	
	0.045*#
	0.252

	Slice 4
	0.604
	0.169
	
	0.882#
	0.769#

	Slice 5
	0.930
	0.726
	
	0.005**
	0.001**

	Pooled
	0.013*
	<0.001***
	
	0.008**
	<0.001***


Signifiance codes :  ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05.
#p-values from K-W tests. 
3.4 Tukey’s tests on pooled data 
Tukey’s tests on ANOVA results were performed to show the difference among the five groups inside the pooled data. Both the 95% family-wise confidence level and the letter-based summary of similarities and differences [37] are presented. The 95% confidence intervals (CIs) of pairwise difference illustrates the two groups that are significantly different from each other when the interval does not contain 0. Furthermore, the letter-based representation of all-pairwise comparisons convert inter-group p-values into a character-based display. Common letters suggest levels that are not significantly different [37].
3.4.1 Group differences of hardness
Significantly different groups of mean hardness were identified through zero-excluded 95% CIs and distinct letters as indicated in Figure 6 and Figure 7. There is a significant difference in longitudinal hardness between the 3 µm and 6 µm groups. For circumferential hardness, both 3 µm and 4 µm groups are significantly different from the 7 µm group. 
[image: ]
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Figure 1. The 95% family-wise confidence intervals of Vickers hardness difference for pair-wise groups of the pooled data from the five transversal slices and the letter-based representations of similarities among the 5 different indentation groups. In a), It can be seen that T6µm-T3µm excludes 0 in the mean differences of 95% CIs which mean that 6 µm group has hardness different from that of 3 µm group. In b), letters on boxes represent the similarities between different groups in which the common letters identify groups that are not significantly different. The 6 µm group has the letter “a” while the 3 µm group has a distinct letter “b” which means these two groups are significantly different. This  result is well consistent with the confidence intervals in a). Letters “ab” on groups of 4 µm and 5 µm mean their mean levels are between the 3 µm group and groups of 6 µm.
[image: ]
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Figure 2. The 95% family-wise confidence intervals of Vickers hardness difference for pair-wise groups of the pooled data from the five frontal slices a) and the letter-based representations of similarities among the 5 different indentation groups b). In a), F7µm-F3µm and F7µm-F4µm have intervals not including 0 so that 7 µm group is significantly different from 3 µm and 4 µm groups. In agreement with the 95% CIs, the 7 µm group has letter “b” while groups of 3 µm and 4 µm have letter “a” in b). Furthermore, the 5 µm and 6 µm groups are the transition groups with letters “ab”.
3.4.2 Group differences of modulus
Significantly different groups of mean modulus were identified through zero-excluded 95% CIs and various letters as indicated in Figure 8 and Figure 9. The 3 µm group is significantly different from all another 4 groups for longitudinal modulus and  is significantly different from 5 µm, 6 µm and 7 µm groups for circumferential modulus. 
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Figure 3. The 95% family-wise confidence intervals of elastic indentation modulus difference for pair-wise groups of the pooled data from the five transversal slices and the letter-based representations of similarities among the 5 different indentation groups. 
[image: ]
Figure 4. The 95% family-wise confidence intervals of elastic indentation modulus difference for pair-wise groups of the pooled data from the five frontal slices and the letter-based representations of similarities among the 5 different indentation groups.
3.5 Linear regression of mechanical properties against indentation depth
Letter-represented similarities of Tukey’s test results showed a decreasing trend. Linear regression was performed to reveal the relationship between the mean mechanical properties and indentation depths. From the regression results in Figure 10 and Figure 11, the negative slopes with significant p-values indicate that both hardness and modulus decline with the increase of indentation depth. The hardness decreased by slopes of -0.65 (R2 = 0.72, p-value = 0.044) and -0.869 (R2 = 0.95, p-value = 0.003) longitudinally and circumferentially. The modulus decreased by slopes of -0.39 (R2 = 0.82, p-value = 0.02) and -0.348 (R2 = 0.94, p-value = 0.004) longitudinally and circumferentially.
[image: ]
Figure 10. The linear regression relationship between hardness and indentation depth longitudinally and circumferentially.
[image: ]
Figure 11. The linear regression relationship between modulus and indentation depths longitudinally and circumferentially.
4. Discussion
In this research, our objective is to study the effect of deformation volume on mechanical responses of trabecular bone by using micro-indentation with varying indentation depths. It has been confirmed by our study that both the tested indentation hardness and elastic indentation modulus decline with the increasing indentation depth that induces varying deformation volume. The absolute differences of indentation depths are not obvious, with only 1 µm depth difference for any two neighboring groups. However, this can cause a great difference in deformation volume as suggested by Hertz’s theory [28]. Even though this theory is not accurately compatible with bone, it can still act as a reference to estimate the influential extent of indentations on the bone tissue. 

The negative slopes in Figure 11 with significant p-values of 0.02 and 0.004 longitudinally and circumferentially indicates the declining of modulus with increasing indentation depth. Similar findings on elastic modulus had been reported by Zhang et al on monkey vertebral cortical bone. They found the average Young’s modulus decreases when the peak indenting load increases. Various loads instead of indention depths were employed in that study but the effect is equivalent. In the same report, however, they claimed the variation within each testing group is less than standard deviations and made no solid conclusions [26]. 
Concerning the hardness, the negative slopes in Figure 10 with significant p-values of 0.044 and 0.003 longitudinally and circumferentially indicate the decrease of modulus with increasing indentation depth. In the monkey cortical bone study of Zhang et al, they suggests there is no significant difference between hardness of “low-load” (0.1, 1, 5, 10 mN) and “high-load” (100, 500, 1000 mN) groups using t-test without the regression analysis despite the mean values decreased within each group [26]. This difference in finding was hypothesized to be caused by two differences in experimental settings. The first was the sample difference where we employed osteoporotic trabecular bone for the experiment compared to monkey cortical bone. The other was that the indentation measurement was conducted on a surface in Zhang’s report while we pooled the tested results of five surfaces. These differences may contribute to the diversity in the final results.

For the two-group comparisons of hardness, a significant difference has been identified in the pooled data. However, both significant and insignificant p-values can be found on a single slice as shown in Table 4. Coats et al used micro-indentation to test the hardness of femur heads on the surface passing cylindrical axis of halved samples from patients with osteoporosis or osteoarthritis. They found no systematic hardness variation between 10 gf (about 100 mN) and 50 gf (about 500 mN) loading measurements [24] and they suggested using 10 gf load to do testing. Dall’Ara et al also used micro-indentation to measure the hardness of femoral heads of osteoarthritic patients. Peak loads of 50 gf and 25 gf (about 250 mN) were employed to indent on the halved surface in their study. They performed ANOVA for the two loading groups and reported non-significant p-value [25]. In studies of both Coats and Dall’Ara, they had only indented on the halved surface and thus no testing had been conducted on different surfaces of the sample. In our study, we have performed indentations on five parallel surfaces instead of one surface measurement. Testing on a single slice has a higher chance to obtain insignificant p-values, but significant p-values also appeared as shown in Table 4. Therefore, there could be some uncertain randomness on the testing results if only one single surface is tested. In this study, the data on five slices are aggregated together to represent the mechanical properties of the volume instead of only a single surface. Therefore, our data should be more representative in reflecting the average mechanical performance of trabecular bone. Furthermore, our indenting scheme followed a regular pattern with a fixed offset instead of previously arbitrary indentations which can improve the quality of data due to the more comprehensive representations. 

Considering the reasons for the decline, one hypothesis was that there were gradually more “weakening” factors involved in the increasing deformation volume. This declining trend could be the result of two contributing factors.  The first was attributed to the mechanical difference between the laminar and inter-laminar regions since the inter-laminar regions have weaker mechanical competence than laminar regions as shown by Donnelly et al [2]. As a result, there was more relatively “soft” inter-laminar bone joins the deformation when the participating volume increased. Consequently, the mechanical properties were averaged downwards. Another factor was the number of microcracks that may influence the response of the deformed volume. With increasing deformation volume, there were obviously more microcracks involved in the deformation. These microcrack “defects” can cause impairs on the overall mechanical performance. The previous study of Burr et al had verified the impairing consequence of microcrack accumulation on elastic modulus [8].

Sample preparations make the collected data work only as a relative investigation rather than an absolute determination of the mechanical properties of trabecular bone. First, the sample conditions can deviate the results from the in vivo mechanical properties. The wet condition is ideal for mechanical testing since it is closest to the in vivo conditions [25]. However, studies using micro-indentation are usually done with dry and/or embedded samples [2, 23, 24, 26, 39, 40] rather than wet ones. Indentations are clearer for the dry specimens [23, 25] and the measurements of “wet” bone tissues are unrepeatable reported from the previous literature [23]. Embedding of the sample is indispensable for performing the experiment since PMMA can facilitate grinding and providing support to cancellous struct deformation during the process [23]. Fixation [23] was done in this study before dehydration to maintain structural integrity. While prolonged fixation can increase the hardness by about 20% [38], a brief fixation has insignificant effect [23]. Even though the measured results have deviated from the in vivo values after dehydration and embedding, this research focuses on the relationship between mechanical properties and the deformation volume rather than attempting to obtain the true mechanical values. The processes should have little disturbance on the varying trend because all groups have an identical amount of deviations. Second, polishing with slurries was not performed in this study. Alumina paste [12, 23] was usually used for polishing before indentation measurements, but this can increase the hardness by about 6% [23] and the influence on elastic modulus can be even higher since the modulus of alumina is on the range of 200~400 GPa. Those small particles can embed into the cancellous bone and cannot be removed even after ultrasonic cleaning. Since the lowest nominated indentation depth in this study is 3 m (true depth is about 3.3 m) with an indentation depth to surface roughness ratio of about 6, which is greater than the critical depth of 500 nm and critical ratio of 3 suggested in nanoindentation studies [2], the influence of surface roughness on tested mechanical properties should be minimal. 

The indentation depth range of 3-7 µm maybe not wide enough. Within the indentation depth range of 3-7 µm, there is a decline of hardness and modulus with increasing indentation depth. Indentation depth plays a crucial role in characterizing the bone mechanical properties within a corresponding size scale. In theory, the indentation should be sufficiently shallow so that the participated volume lies in the ROI [2] and no breaking of the sample appears [25] while at the same time adequately deep to minimize the measurement errors. P. K. Zysset summarized the indentation methods on macro-, micro- and nano-scales with their corresponding indentation depth and force ranges. For micro-indentation, force P should be less than 2 N and indentation depth h should be greater than 0.2 µm under EN ISO 14577 standard. In bone research, the depth h should be greater than 0.2 m and less than 12 µm while the force P to be greater than 0.6 mN and less than 2 N [1]. Besides, Hertz’s theory [28] states that the participating volume of indentation can be estimated by the indentation depth along the loading direction multiplied by 9 and the same depth in the radial direction multiplied by 7 [27]. According to these guidelines, the series of indentation depth of 3, 4, 5, 6, 7 µm was adopted in our study. For the lowest depth, the indentation can be seen clearly. Over 50% thick of most trabeculae has participated in the deformation for 7 µm indentation depth according to the Hertz’s theory. As shown in Figure 5., the lack of visible crack in 7 µm indentation depth suggests deeper indentation is allowed to further investigate the relationship between the mechanical behaviors of trabecular bone and deformation volume.

This study has some limitations. First, samples measured are limited to a single subject. There may exist some inter-subject variations so that more investigations are necessary to further confirm the decrease of bone hardness and stiffness under increasing deformation. However, a very large number (1055) of indentations were made even with the small number of samples. Therefore, the tested results are representative. Second, the time-consuming indenting scheme limits the testing efficiency because of manual selections of indenting spots. This indenting scheme was inspired by the previous auto-offset indenting method for mapping the mechanical properties of endplate [39]. However, considerably different from the endplate which has a continuous structure, the trabeculae are highly discrete. Therefore, the fixed auto-offset procedure cannot be followed to measure the properties only on the grid points because most of the trabecular bone does not fall exactly on the grid points. Consequently, the manual selection of indenting points is unavoidable.
5. Conclusions
In this study, we conclude that the mechanical behaviors of trabecular bone vary with deformation volume. In particular, both hardness and modulus decrease as the deformed volume increases. Since the elastic modulus varies with deformation volume, we further conclude the mechanical response of vertebra is nonlinear from the beginning of structural deformation. In other words, the nonlinear mechanical response of vertebra is at least partially attributed to the varying modulus of trabecular bone during deformation.

We also suggest that the indentation measurements should be performed on different levels of the tested sample since the single surface results may contain some randomness and thus cannot reflect the true mechanical performance. 

This study can help sharpen up the understanding of the mechanical behavior of trabecular bone tissue which is important for designing mechanically compatible implants and especially significant on micro finite element analysis (µFEA) that deals with trabecula level simulations.  
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a) The 95% CIs of pair-wised group difference b) Letter summary of group difference
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Letter summary of similarities and differences
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Between-group difference of longitudinal indentation modulus illustrated with 
95% CIs of difference and letter-based representation of similarity



Group difference Indentation groups
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a) The 95% CIs of pair-wised group difference b) Letter summary of group difference
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Between-group difference of circumferential indentation modulus illustrated with 
95% CIs of difference and letter-based representation of similarity
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a) The 95% CIs of pair-wised group difference b) Letter summary of group difference
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The linear regression of hardness mean values longitudinally and circumferentially



(a) Longitudinal mean hardness (b) Frontal mean hardness



●



● ●



●



●



41



42



43



44



45



3 4 5 6 7
depth



ha
rd



ne
ss
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The linear regression of indentation modulus mean values longitudinally and circumferentially



(a) Longitudinal mean modulus (b) Frontal mean modulus



●



●



●



●



●



8.5



9.0



9.5



10.0



10.5



3 4 5 6 7
depth



m
od



ul
us



y =  −0.39 *x + 11.18  Adjusted R−squared = 0.82  P−value = 0.02! = −$.&' ∗ ) + ++. +,			./0123234/	56 = $. ,6			7 − 89:14 = $.$6



Depth/µm



M
od



ul
us
/G



Pa



●



●



●



●



●



6.5



7.0



7.5



8.0



8.5



3 4 5 6 7
depth



m
od



ul
us



y =  −0.348 *x + 9.121  Adjusted R−squared = 0.94  P−value = 0.004! = −$. &'( ∗ * + ,. -.-			0123454561	7. = $. ,'			8 − 9:;36 = $.$$'



Depth/µm



M
od



ul
us
/G



Pa











