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Abstract

Structural properties have been shown to be critical in the osteoconductive capacity and strength of bioactive ceramic bone scaffolds. Given the
cellular foam-like structure of bone scaffolds, nanoindentation has been used as a technique to assess the mechanical properties of individual
components of the scaffolds. Nevertheless, nanoindents placed on scaffolds may violate the rigid support assumption of the standard Oliver–Pharr
method currently used in evaluating the Meyer hardness, H, and elastic modulus, Es, of such structures. Thus, the objective of this research was to
use the structural compliance method to assess whether or not specimen-scale flexing may occur during nanoindentation of bioceramic bone
scaffolds and to remove the associated artifact on the H and Es if it did occur. Scaffolds were fabricated using tricalcium phosphate and sintered at
950 1C and 1150 1C, and nanoindents were placed in three different (center, edge, and corner) scaffold locations. Using only the standard Oliver–
Pharr analysis it was found that H and Es were significantly affected by both sintering temperature and nanoindents location (po0.05). However,
specimen-scale flexing occurred during nanoindentation in the 1150 1C corner location. After removing the effects of the flexing from the
measurement using the structural compliance method, it was concluded that H and Es were affected only by the sintering temperature (po0.05)
irrespective of the nanoindent locations. These results show that specimen-scale flexing may occur during nanoindentation of components in
porous bioceramic scaffolds or in similar structure biomaterials, and that the structural compliance method must be utilized to accurately assess H
and Es of these components.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

A common strategy for bone tissue regeneration is to implant
porous three-dimensional scaffolds which, once implanted at the
defect site, are required to provide mechanical and biological
functions, ultimately integrating with surrounding native tissue.
The mechanical environment requires the scaffold to offer appro-
priate strength and stiffness while providing adequate space for
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bone cells and their cell–cell communication. One of the key
micro-environmental aspects affecting cell differentiation is the
base material of the scaffold and its interaction with cells. Common
biomaterials used as bone replacement are those made of inorganic
materials such as calcium phosphate (CaP) based bioceramics [1].
CaP scaffolds have been also designed to mimic nanoscale
properties of natural bone tissue such as crystalline structure and
morphology [2]. Among CaP bioceramics, hydroxyapatite (HA,
Ca10(PO4)6(OH)2) and tricalcium phosphate (TCP, Ca3(PO4)2) are
the most commonly used in clinical applications because of their
biocompatibility, osteoconductivity, osteoinductivity, bioactivity,
bioresorbability, and their chemical similarity to the mineral phase
of bone [3–5].
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Fig. 1. Stereoscope image of a representative sintered bioceramic scaffold after
completion of the sintering process. Different indentation regions are indicated
as well: (1) corner, (2) edge, and (3) center. Each scaffold was approximately
5 mm3.
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Previous work has shown that the nanoscale mechanical
properties of bioceramic scaffolds such as stiffness and
nanoporosity influence the scaffold's bioactivity [6,7]. More
recently Moroni and co-workers have shown that at the micro-
and nanoscale, physical and biological functionalities influence
the bone regenerative capacity of bioceramic scaffolds [8].

Nanoindentation has become a powerful non-destructive testing
technique for evaluating the mechanical properties of porous
structures such as CaP bioceramics [9–11] and trabecular bone
[12–15]. In nanoindentation testing, a probe is pressed into and
withdrawn from a material following a prescribed loading profile.
During the test, both load and displacement are recorded. From the
resulting load–depth trace, mechanical properties, most often
Meyer hardness and elastic modulus, can be directly assessed.
One of the most widely used methods to assess Meyer hardness
and elastic modulus from nanoindentation load–depth traces is the
standard Oliver and Pharr (O–P) method [16]. However, the O–P
method assumes the material tested is rigidly supported in the
nanoindentation test machine. When this assumption is not satisfied
the utility of O–P analysis becomes compromised. For instance,
when the specimen flexes or has heterogeneities, such as free edges
or interfaces between regions of dissimilar properties, artifacts may
arise in the properties assessed using the O–P analysis. Fortunately,
Jakes and co-workers recently developed the structural compliance
method to remove these types of artifacts [17–19]. They found that
the effect of both specimen-scale flexing and edges nearby
nanoindents is to introduce an additional compliance into the
experiment. This compliance, termed the structural compliance,
behaves similar to the machine compliance and a modified SYS
(Stone, Yoder, Sproul) correlation [20] can be used to quantify the
structural compliance. The load–depth trace can then be corrected
using the structural compliance in the same manner the usual
machine compliance correction is applied. Finally, the O–P method
can be performed on the corrected load–depth trace.

Sintering, a well-known manufacturing method to fabricate
bioceramics [21], has been observed to be an important determi-
nant of their microstructural and physical characteristics [7,22,23]
which influence the scaffold's capacity to induce bone formation
[24]. Although extensive research has been done concerning
bioceramic scaffolds for use in bone tissue engineering applica-
tions, a comprehensive study to determine the influence of sintering
temperature on mechanical properties of CaP-based scaffolds is still
warranted [7,25]. Nanoindents can be placed on individual scaffold
struts to assess the mechanical properties of CaP. However, if the
strut flexes under loading, the rigid support assumption of the O–P
method will be violated. Thus, the aim of this study was to use the
structural compliance method [19] to assess whether or not
specimen-scale flexing can occur during nanoindentation of bone
scaffolds and to remove the associated artifacts in the nanoindenta-
tion results if flexing occurs. In this study beta-TCP (β-TCP)
scaffolds manufactured at two different sintering temperatures were
studied.

2. Materials and methods

Samples were fabricated by Phillips Plastic Corporation
(Hudson, WI, USA) [26] and sintered at target temperatures of
950 1C and 1150 1C in air using a heating scheme described
briefly elsewhere [27]; beginning at room temperature the
scaffolds were heated at a rate of 1 1C/min to 600 1C, soaked at
600 1C for 1 h, heated to either 950 1C or 1150 1C using a
heating rate of 2 1C/min, and finally held at the target
temperature for 5 h. Samples were subsequently cooled to
600 1C at a rate of 5 1C/min and finally furnace cooled to room
temperature. The scaffolds consisted of six approximately
500 μm2 beams stacked upon one another in orthogonal
directions to form a porous cubic structure (�5 mm3). Fig. 1
shows representative stereomicroscope images of a sintered
bioceramic scaffold used in the current study. Specimens used
for nanoindentation testing were first mechanically ground
using 600, 800 and 1200-grit silicon carbide grinding paper in
ascending order (Allied High Tech Products Inc, Rancho
Dominguez, CA, USA) for approximately 1–2 min per step.
After grinding, samples were mechanically polished using 1,
0.25 and 0.05 μm diamond suspensions in descending order
(MetaDi Polycrystalline, Buehler, Lake Bluff, IL, USA) for
30–60 s per step. After each successive step, samples were
washed and sonicated in distilled water to remove debris
material from the sample surface. After sonification, alcohol
was applied to the sample and immediately dried under a warm
air source.
The microstructural morphology of the scaffold surface was

analyzed by scanning electron microscopy (SEM) whose
images were obtained with a LEO DSM 1530 field emission
SEM (Zeiss-LEO, Oberkochen, Germany) operated at 5 kV
Fig. 2. SEM images were analyzed with an image analysis
software package ImageJ, NIH, USA). The average grain
diameters were calculated using the linear intercept method
(ASTM E 112-88) from a total of six measurements for each
scaffold. Physical properties such as volume, density, and
porosity were determined using Archimedes' principle, a fluid
displacement method, using a 70% ethanol solution as
explained elsewhere [23].
A Hysitron TI 950 TriboIndenter (Hysitron Inc., Eden

Prairie, MN, USA) equipped with a diamond Berkovich probe
was used to perform all nanoindentation testing. Standard
methods were used to calculate the machine compliance and
area functions (based on contact stiffness) by performing a
series of 100 indents on a fused silica standard with loads
ranging from 0.2 to 10 mN. Based on this series of indents, the
machine compliance was determined to be 0.75 nm/mN. All
testing was conducted under ambient laboratory conditions



Fig. 2. SEM micrographs of the morphology of the cross sections of β-TCP bone scaffolds sintered at different temperatures: (a) 950 1C and (b) 1150 1C.

Fig. 3. Representative (a) load profile and (b) force–displacement data from
the 1150 1C sintered scaffold evaluated in the center region.
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(�23 1C, 52% relative humidity). The thermal drift rate
measured before each test averaged 0.1 nm/s. Load–depth
traces were corrected for both machine compliance and
thermal drift prior to structural compliance analysis.
A single scaffold from each sintering temperature was used
for nanoindentation testing. For each scaffold, nanoindentation
was performed on individual struts in three different regions:
corner, edge, and center (Fig. 1). To construct the SYS
correlation to assess Cs, load control multi-load indents were
conducted, which consisted of loading segments, holds at the
partial load, and unloading segments with load increasing for
each cycle (Fig. 3). The current research tests consisted of 12
steps ranging from 1 mN to 12 mN with a total duration of 90 s
comprising loading and unloading segments of 3 s and hold
segments of 1 s. Series of five (n¼5) partial unload nanoin-
dents were conducted in the center of a strut in corner and edge
locations whereas a series of 14 (n¼14) nanoindents were
conducted in the center of a strut in the center region. All
nanoindents were placed in the center of the struts and based
on the analysis of Jakes and Stone the free edges of the struts'
edges will not have an effect on these nanoindents [17]. In-situ
scanning probe microscope (SPM) images were obtained using
the Berkovich probe and nanoindent locations were selected
from these images (Fig. 4). SPM images of residual nanoindent
impressions were also obtained for quality assurance. Surface
roughness for each scaffold was also measured from SPM
images with values of 40.374.3 nm and 6.071.5 nm, for the
950 1C and 1150 1C scaffolds, respectively. To minimize the
effects of surface roughness and uncertainties in zero depth on
the analysis, partial loads from 1 to 3 mN were excluded.
Young's moduli (Es) of the different scaffolds were calculated
using Eq. 4 (see Section 3), where Ed and νd are the properties
of the diamond probe, 1140 GPa and 0.07 respectively. The
value of Poisson's ratio used for TCP scaffold materials, νs,
was assumed to be 0.27 [28].
All results are expressed as means and standard deviations.

A two-way analysis of variance (ANOVA) was performed
using the statistics package MiniTab 14 (MiniRab Inc., State
College, PA, USA) to investigate the influence of the sintering
temperature (2 levels: 950 1C, 1150 1C) and surface location (3
levels: corner, edge, center) on hardness (H) and elastic
modulus of the sample (Es). Assumptions of normality and
equality of variance were checked by Anderson–Darling
Normality test and F-test, respectively. Uncertainty of the
structural compliance (Cs) was determined by least squares
analysis of linear fit. In all cases the significance level was set
at α¼0.05.



Fig. 4. Lateral force in situ-SPM image of nanoindent in 1150 1C sintered scaffold strut.
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3. Theory/calculation

Meyer hardness (H) is a metric of a material's resistance to
plastic deformation and is defined as

H ¼ P0

A0
ð1Þ

where P0 and A0 are the maximum load and contact area,
respectively, immediately prior to unloading. In the O–P
method [16] A0 is estimated using a calibrated area function
and the contact depth

hc ¼ h0�εP0Cp ð2Þ
where h0 is the depth immediately prior to unloading, ε a
geometric factor equal to 0.75 for a Berkovich probe, and Cp is
the contact compliance defined as the inverse of the initial
unloading slope in a load–depth trace that has been corrected
for both machine compliance (Cm) and structural compliance
(Cs). The “effective” modulus of contact is

Eef f ¼
1

CpA
1=2
0

ð3Þ

and for indentation against a homogenous, isotropic, elastic
half-space

1
Eef f

¼ 1
β

1�ν2s
Es

þ 1�ν2d
Ed

� �
ð4Þ

where Es and Ed are Young's moduli and νs and νd are
Poisson's ratios of specimen and indenter, respectively. β is a
numerical factor which here is assumed to be 2/π1/2¼1.128.

The O–P analysis is contingent on an accurate load–depth
trace. In addition to the standard machine compliance (Cm)
correction, which removes the portion of the measured depth
attributed to the flexing of the load frame, the flexing of the
ceramic scaffold itself must also be considered. Jakes and
coworkers developed the structural compliance method to
identify this type of specimen-scale flexing and remove its
contribution from the measured depth [17–19]. In the structural
compliance method, the modified SYS correlation is used and
given as

CtP0
1=2 ¼ CsP0

1=2þJ1=20 ð5Þ
where J0 ¼ H=E2
eff is the Joslin–Oliver parameter [29] and Ct

is the compliance assessed from an unloading segment that has
been corrected for Cm. Ct can be assessed as a function of load
from a single location using a multiload indent. A plot of
CtP0

1=2 as a function of P0
1=2 forms a straight line of slope Cs

if J0 and Cs are independent of load. The intercept, J1=20 , is an
area-independent material parameter that represents the ratio
H1/2/Eeff. After Cs is assessed, its contribution to the depth can
be removed in the same manner as the Cm correction and the
usual O–P method can be performed on the corrected load–
depth trace.
4. Results and discussion

SEM micrographs of TCP scaffolds sintered at 950 1C and
1150 1C are shown in Fig. 2. The micrographs show clear
demarcation in the grain boundary, grain sizes and micropores.
In the current study, it was found that the higher sintering
temperature resulted in significantly larger grain sizes (Fig. 2)
and higher degree of densification (p-valueo0.05). Scaffold
grain sizes increased from 0.7470.04 μm to 8.0770.20 μm
whereas material density increased from 2.2770.15 g/cm3 to
3.2270.29 g/cm3, for sintering temperature of 950 1C and
1150 1C, respectively.
Meyer hardness and elastic modulus for scaffolds fabricated

at 950 1C and 1150 1C sintering temperatures were assessed on
struts in the center, edge, and corner regions. Initially, H and
Es were evaluated from the final 12 mN unloading segment in
the multiload nanoindent using the standard O–P analysis
(Eqs. 1–4), which assumes that the strut is rigidly supported.
For the 950 1C sintering temperature, H and Es were not
significantly different among the indent regions (Fig. 5);
however, for 1150 1C sintering temperature H and Es evaluated
in the corner location were significantly lower (p-value
o0.05) than the edge and center locations (Fig. 5 and
Table 1).
Structural compliance was assessed using SYS correlations

in which the slope, Cs, and the intercept, J1=20 , were obtained
for each multi-load indent according to Eq. 5. Fig. 6 shows
representative SYS correlations for each sintering temperature
and measurement location. The high slope of the corner SYS
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correlation in the 1150 1C sintered specimen indicates a large
Cs in this region. All the indents in this region had a
consistently high Cs (Fig. 7). This suggests that the strut was
not rigidly supported beneath the nanoindents and flexed under
loading, similar to a cantilever with a point load applied
Fig. 5. Mechanical properties of TCP scaffolds directly calculated using the
standard O–P analysis without accounting for Cs: (a) hardness, (b) elastic
modulus (*P-valueo0.05). Error bars represent standard deviations.

Table 1
Nanomechanical properties evaluated at a maximum applied force of 12 mN at diffe
(n¼5), edge (n¼5), and center (n¼14). Values are expressed in average7standa

T sintering (1C) Region J1=20 (μm2/N) Cs (μm/N) St

Es

950 Corner 0.8170.15 0.2371.40 43
Edge 0.8170.10 0.7171.58 40
Center 0.8170.18 -0.3072.14 44

1150 Corner 0.9470.08 32.1971.88 9
Edge 0.7270.05 0.8470.58 85
Center 0.7970.12 0.8471.38 73
towards its end. It could be that the nanoindent location on the
strut was beyond the final supporting strut in the layer below or
that a failure occurred between the top strut and ones below.
The values of the SYS correlation intercepts, which represent
rent locations for TCP scaffolds sintered at 950 and 1150 1C. Locations: corner
rd deviation.

andard O–P method O–P method after Cs correction

(GPa) H (GPa) Es (GPa) H (GPa)

.3871.39 1.707013 46.28710.23 1.7170.15

.9074.44 1.8470.52 46.33711.06 1.8670.54

.3176.17 1.6670.61 46.92720.98 1.6770.66

.8470.75 2.7970.27 78.3174.58 5.2970.49

.65711.56 5.9370.85 99.00714.72 6.0570.86

.8674.85 5.5270.80 87.13720.42 5.6570.96

Fig. 6. Representative SYS correlations for each region in TCP scaffolds.

Fig. 7. Structural compliance, Cs, evaluated at different locations on TCP
scaffolds (*P-valueo0.05). Error bars represent standard deviations.



Fig. 8. Material parameter J1=20 evaluated at different locations on TCP
scaffolds. Error bars represent standard deviations.

Fig. 9. Mechanical properties of TCP scaffolds after taking into account
structural compliance, Cs, in data analysis: (a) hardness, (b) elastic modulus
(*P-valueo0.05). Error bars represent standard deviations.
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the material parameter J1=20 ¼H1=2=Eeff , are in Fig. 8. There
were no statistically significant differences in J1=20 found
between the locations within each sintering temperature or
between the two temperatures.
After correcting each load–depth trace for the structural

compliance assessed from the corresponding SYS correlation,
the final 12 mN unloading segments were reanalyzed with the
O–P method (Fig. 9). The correction increased H and Es in the
1150 1C corner location and revealed that the mechanical
properties of the β–TCP bioceramic scaffolds did not sig-
nificantly vary over different locations. Additionally, it was
verified that both H and Es were significantly affected by the
sintering temperature (p-valueo0.05), where mechanical
properties of the scaffold fabricated at 950 1C were signifi-
cantly lower than those at 1150 1C (Fig. 9).
Combining both sintering conditions, ANOVA analysis

showed that surface location was not statistically significant,
with p-values of 0.107 and 0.109 for H and Es, respectively.
Even for each sintering temperature taken separately, there was
not a significant difference between corner, edge, and center
locations for both H and Es. Thus, the differences observed on
the mechanical properties of β–TCP bioceramic scaffolds were
only due to sintering process and not by the location of the
nanoindents as in the case of using the standard O–P method
without the structural compliance method.
The increase in mechanical properties with sintering tem-

perature is in consonance with reported studies of similar CaP
based bioceramic materials [9,10,27]; the lower the sintering
temperature, the smaller the grain size and the higher the
volumetric fraction of grain boundary phase. Hence, a rise of
sintering temperature resulted in an increase of grain size in the
microscale regime and so less grain boundary phase was
observed, which resulted in higher hardness and elastic
modulus of β-TCP bioceramic scaffolds.
Although the results obtained after using the Cs correction

have more variability than those obtained from the standard O–
P method (Table 1), they are considered more accurate because
they remove the systematic artifacts associated with specimen-
scale flexing. The increased variability, especially in Es, is
primarily from the uncertainties in assessing Cs from the slope
of the SYS correlations. The variability in SYS correlations is
higher in the β-TCP bioceramic than in previous work in fused
silica and (100)-oriented silicon wafers [19]. The slope of the
SYS correlation is a straight line and equal to Cs assuming that
J1=20 ¼H1=2=Eeff and Cs are independent of load. Because the
grain sizes in the β-TCP bioceramic are comparable to the size
of the nanoindents [27], it is possible that as the nanoindent
grows during the partial loading and unloading cycles of the
multiload indent nearby grain boundaries can randomly affect
the overall elastic responses and yielding processes beneath the
nanoindentation probe. This could cause an indentation size
effect and J1=20 to somewhat vary as a function of load and
contribute to uncertainties in Cs. Also, indentation size effects
in H or Eeff arising from surface roughness, polishing effects,
or strain gradient plasticity [30] could also affect the calculated
value of Cs. However, the straight line fits of the SYS
correlations in Fig. 6 support that indentation size effects are
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small. Furthermore, the presence of the large Cs in the corner
of the 1150 1C sintered scaffold is obvious despite the
variability observed in assessing Cs. As previously mentioned,
when results were interpreted directly from the standard O–P
method, without considering the artifact of Cs, difference
between the H and Es of the indent locations in the 1150 1C
would have been more than 100% (Table 1). But by
implementing the structural compliance method it could be
verified that the differences observed in the mechanical
properties of β-TCP bioceramic scaffolds fabricated in the
range of 950 1C to 1150 1C were only due to sintering
temperatures and not due to the location of the nanoindent.
Although in the current study nanomechanical properties were
evaluated over different locations of only a single scaffold, in a
previous related bioceramic study we found repeatability and
consistency of physical and macromechanical properties over
n¼50 samples [31].
5. Conclusions

Nanoindentation offers a non-destructive method for deter-
mining the mechanical properties of brittle and fragile bio-
ceramics used in biomedical applications. In this study, the
structural compliance method was used to assess whether or
not specimen-scale flexing occurs during nanoindentation of
bioceramic bone scaffolds and to remove the associated artifact
on H and Es if it did occur. Struts in bioceramic scaffolds can
flex under loading during nanoindentation and if ignored the
hardness (H) and elastic modulus (Es) values will be artificially
low. The recently developed structural compliance method can
be used to assess the structural compliance (Cs) arising from
flexing and remove its effect from the nanoindentation load–
depth trace. The corrected load–depth trace can then be
analyzed with the O–P method in the typical manner. We
evaluated H and Es in the center, edge, and corner regions of
β–TCP scaffolds fabricated at sintering temperatures of 950 1C
and 1150 1C. Without using the structural compliance method,
the corner region of the 1150 1C sintered scaffold had a
statistically (p-valueo0.05) lower H and Es than the edge and
center regions. However, a large Cs was assessed in the corner
region using the structural compliance method. After correct-
ing H and Es for the Cs, it was concluded that there were no
statistically significant differences between regions. However,
H and Es in all regions increased significantly with sintering
temperature.
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