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The piezoelectric properties of bone play an important role in the bone remodeling process and can be employed 
in clinical bone repair. In this study, the piezo-voltage of bone between two surfaces of a bone beam under 
bending deformation was measured using an ultra-high-input impedance bioamplifier. The influence of shear 
stress on the signs of piezo-voltages in bone was determined by comparing and contrasting the results from 
three-point and four-point bending experiments. From the three-point bending experiment, the study found 
that the signs of piezo-voltages depend only on shear stress and are not sensitive to the normal stress.
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The piezoelectric properties of bone were discovered in 
the 1950s (Fukada & Yasuda, 1957). They were reported 
to have an effect on the bone remodeling process (Fukada 
& Yasuda, 1957; Bassett & Becker, 1962; Steinberg et al., 
1968; Qin & Ye, 2004; Qin et al., 2005). It was thought 
that the potentials in bone generated by stress are likely to 
have an impact on bone remodeling. In the literature, the 
piezoelectric behavior of bone was thought to be similar 
to that in mineral piezoelectric materials and to belong 
to Point group C6 or D6 (Fukada, 1964; Aschero et al., 
1999; Otter et al., 1985). Since then, many studies have 
focused on determining the piezoelectric coefficients 
of bone and the piezoelectric equations (Fukada, 1964; 
Marino & Gross, 1989; Korostoff, 1977; Guzelsu, 1978). 
However, bone has a complex hierarchical structure and 
its piezoelectric properties may vary from point to point, 
which means that there is no uniform piezoelectric coef-
ficient matrix in bone tissues (Fukada, 1964; Marino & 
Gross, 1989; Korostoff, 1977). The complexities of bone 
piezoelectricity have led to the development of various 
methods to investigate the piezoelectric properties of 
bone. For example, based on the converse piezoelectric 
effect of bone, the piezoelectric coefficient d23 was deter-
mined by using a sensitive dilatometer (Aschero et al., 
1999). A piezoelectric force microscope and an atomic 
force microscope have also been employed to measure 
the piezoelectric properties of bone or collagen of bone 

(Kalinin et al., 2005; Minary-Jolandan & Yu, 2009; Hal-
perin et al., 2004).

In recent years, various artificial biomaterials have 
been developed and used as bone substitutes that have 
biocompatibility and bioactivity, and are osteoconduc-
tive. Those materials are implanted in living body for 
repairing bone defects and recovering normal bone 
function. Since substitutes with piezoelectric properties 
can stimulate osteocyte growth and bone formation in 
vivo (Baxter et al., 2008; Silva et al., 2001; Miara et 
al., 2005), it can be concluded that the surface poten-
tial of both the substitutes and bone or their combina-
tions have stimulatory effects on osteocyte growth. 
This explains the clinical significance and motiva-
tion for the research into the piezoelectric behavior  
of bone.

Piezoelectric signals from bone have been obtained 
mainly by measuring electric charges or deformations 
induced due to the converse piezoelectric effect (Fukada 
& Yasuda, 1957; Aschero et al., 1999) because measur-
ing piezoelectric charges is relatively easier technically 
than measuring piezoelectric voltages. However, the 
piezoelectric voltage can directly reflect the electric 
environment of bone surfaces. That is the motivation 
for developing experimental approaches to measure 
piezoelectric voltage. In this study, the piezo-voltage of 
bone under bending deformation was measured using 
an ultra-high-input impedance bioamplifier. The influ-
ence of shear stress on the behavior of piezo-voltage 
in bone was evaluated by comparing and contrasting 
the results from three-point and four-point bending 
experiments. The study demonstrates theoretically from 
the three point bending experiment that no matter how 
small the shear stress is and how large the normal stress 
is, the signs of piezo-voltages depend only on shear  
stress.
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Table 1 Dimension range of samples

Span (mm) Width (mm) Height (mm)

85 4.0 ± 1.0 19 ± 3.0

Methods

In the experiment, cortical bone materials were harvested 
from the mid-diaphysis of dry bovine (age 2–3 years) 
tibias, and machined into beam samples with their axis 
aligned with the longitudinal direction of the diaphysis 
(Figure 1(a)). Ten samples were prepared with the dimen-
sion range as illustrated in Table 1. Conductive silver 
adhesive (5001, SPI, USA) was painted on both sides of 
the specimens as electrodes with dimensions of 3 mm × 
3 mm. There were two types of specimen with different 
electrode distribution. Figure 1(b) shows type A with six 
pairs of electrodes and Figure 1(c) shows type B with two 
pairs of electrodes. Two electrodes on both lateral sides 
of a sample comprised a pair of electrodes located at the 
same height of both lateral sides as shown in Figure 1. 
The electrodes attached to the type A sample are denoted 
by the numbers 1 through 6 on one side and 1′ through 6′ 
for the corresponding electrodes on the other side, facing 
the medullary cavity. Then 1–1′ to 6–6′ represent the six 
pairs of electrodes respectively, and similarly 7–7′ to 
8–8′ represent the two pairs of electrodes on the type B 
sample. When the samples were subjected to four-point 
bending, all of the six pairs of electrodes on type A 
samples experienced pure bending deformation, whereas 
on Type B samples, only electrodes 8–8′ experienced pure 
bending deformation.

The experimental setup of the measurement system 
used is illustrated in Figure 2. Taking as reference an 
electrode on the lateral side facing the medullary cavity, 
such as 3′, the measured piezo-voltage between the pair 
of electrodes 3–3′ was input into a bioamplifier (BMA-
931, CWE Inc., USA) via an ultra-high-input impedance 
(over 1012 Ω) head stage (Super Z, CWE Inc., USA). 
The amplified voltage signals were then recorded by a 
computer in the measurement system. Mechanical load-
ings were applied using an Instron 1343 closed-loop 
servo-hydraulic machine controlled by an 8800 control 
tower, and the loading signals in the control tower were 
also input into the computer for recording.

The testing sample and the head stage were enclosed 
in a double electromagnetic shield with the outer shield 
connecting to earth and the inner to the head stage common 
terminal. This arrangement kept the electric field constant 
around the sample (Fu et al., 2006; Hou et al., 2011).

A trapezoidal loading profile was used, with a load-
ing (or unloading) rate of 600 N·s–1, load holding time of 6 
s, and a holding load of 300 N, which produced maximum 
tensile (or compressive) stresses from 24 to 45 MPa in the 
samples, being well below the tensile strengths of 50–100 
MPa of cortical bovine bone (Cowin, 1983). The trap-
ezoidal loading waveform is shown in Figure 3(a). Figure 
3(b) shows a typical piezo-voltage waveform between 
electrodes 3–3′ under three-point bending. The waveform 

has two pulses with different signs, corresponding to the 
loading and unloading processes respectively. The peak of 
the first pulse corresponds to the loading endpoint and the 
second pulse peak corresponds to the unloading endpoint. 
This shows that once the loading or unloading process 
ends the corresponding piezo-voltage began to decrease 
toward zero. In other words, the polarized charges or 
piezo-voltages appeared on the bone surfaces in pulse 
form as the bone deformation varied with loading (Fu et 
al., 2006; Hou et al., 2011).

Results

Figure 4 shows a group of typical results of a type A 
sample. Figure 4(a)–(e) corresponds to the arrangement 
of electrodes on bone samples. There are two plots of 
piezo-voltage vs. time in each figure. The black plot rep-
resents the result from the three-point bending test and the 
red represents the result from the four-point bending test.

Figure 1 — Sample and electrode arrangements.

Figure 2 — Setup of the test system.

(a)

(b)

(c)
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Figure 3 — Loading and piezo-voltage wave form. (a) Loading waveform. (b) Piezo-voltage waveform.

All five type A samples show similar plots of piezo-
voltage vs. time under three-point bending. However, 
in the plots from the four-point bending, the shapes are 
similar but the signs are opposite. Table 2 shows all the 
voltage peak values of the sample type A plots, under 
three- and four-point bending tests.

Figure 5 shows the results of piezo-voltage vs. time 
for type B samples under the loading profile shown in 
Figure 3. It can be seen from Figure 5 that the signs of 
the piezo-voltage are the same as those shown in Figure 
4. Table 3 lists all the peak values of piezo-voltage for 
the type B samples.

Discussion

The results in the preceding section indicate that in the 
case of three-point bending, the signs of the piezo-voltage 
at electrodes 1–1′ through 3–3′ were opposite to those at 
electrodes 4–4′ through 6–6′, and those at electrodes 7–7′ 
and 8–8′ of the type B sample had the same sign as those 
at electrodes 1–1′ through 3–3′ of the type A samples. In 
the case of four-point bending, the piezo-voltages of all 
the electrodes of the type A samples and electrode 8–8′ 
of the type B sample were lower than those obtained from 
the three-point bending test. Moreover, the piezo-voltages 
of the electrodes near the neutral axis in the pure bending 
zone, such as 2–2′, 5–5′, and 8–8′, were approximately 
zero. Nevertheless, the piezo-voltage signs of electrodes 
1–1′, 3–3′, 4–4′ and 6–6′, which were little distant from 
the neutral axis, were random or irregular. In contrast, 
the sign and peak of the piezo-voltage of electrode 7–7′, 
which was outside the pure bending zone, were similar 
to those under three-point bending test.

The analysis and observations can be summarized 
as follows: (1) The differences in the piezo-voltage signs 
between the two groups of electrodes 1–1′ through 3–3′ 
and 4–4′ through 6–6′ are due to the fact that normal stress 
is distributed symmetrically and shear stress is distributed 
antisymmetrically about the loading axis in the sample 
under three-point bending. This means that the signs of 
piezo-voltage depend on shear stress only. It should be 

mentioned that the signs of the piezo-voltage at electrodes 
7–7′ and 8–8′ being the same as those at electrodes 1–1′ 
through 3–3′ under three-point bending also supports that 
conclusion because electrodes 7–7′ and 8–8′ are located 
around the neural axes and only shear stresses act around 
them. (2) For both types of sample there is only normal 
stress in any cross-section in the pure bending zone. 
Within the pure bending zone, the piezo-voltages at all 
the electrodes become lower, but they do not approach 
zero except for electrodes 2–2′, 5–5′, and 8–8′, which 
are located around the neutral axes. It can be concluded 
that the peak values of the piezo-voltages depend mainly 
on shear stress although normal stress still contributes to 
some extent. (3) As can be seen from Tables 2 and 3, the 
peak values at the same electrodes in different samples 
are relatively irregular. These irregularities occur either 
between samples or between electrodes. This indicates 
that the piezoelectricity of bone depends on the hierar-
chical structure of bone, which might differ in different 
samples. The important conclusion as to the macroscopic 
piezoelectric property of bone, however, is that the signs 
of piezo-voltages between two lateral surfaces depend on 
shear stress only, not on normal stress.

It is noted from the analysis above that irregularities 
in the piezo-voltage results suggest that the piezoelectric 
properties of bone are relevant to its microstructure. Corti-
cal bone has been regarded as a hierarchical composite 
material comprised of mineral and organic phases. The 
mineral phase is mainly composed of crystalline hydroxy-
apatite and the organic phase consists mainly of collagen, 
which is the origin of piezoelectricity (Steinberg et al., 
1968; Fukada, 1964; Minary-Jolandan & Yu, 2009).

Figure 6 shows a schematic illustration of collagen 
fibers (Jager & Fratzl, 2000; Fratzl & Weinkamer, 2007). 
A collagen molecule is about 300 nm in length and about 
1.5 nm in diameter. There is a 40 nm gap between the 
ends of collagen molecules in the longitudinal direction, 
and 27 nm of a 300 nm collagen molecule length overlaps 
with the adjacent collagen molecule. There is a covalent 
cross-link in the overlap region connecting adjacent 
collagen molecules. Collagen molecules are filled and 
coated by platelet-like tiny mineral crystals, which form 

(b) Piezo-voltage waveform(a) Loading waveform
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the mineralized collagen fibril. A group of collagen fibrils 
embedded with the mineral crystals forms the hierarchical 
structure of collagen fiber.

Let the square area in Figure 6 represent a segment 
of mineral collagen. A theoretical model representing the 
segment is employed in this section (Wang & Qian, 2006). 
The model has a collagen layer sandwiched between two 
mineral layers (Figure 7a). Although collagen fibrils are 
oriented in various directions in bone, they are oriented 
primarily in the mean direction parallel to the axis of bone 
diaphysis (Ascenzi & Lomovtsev, 2006; Bills et al., 1982) 

or the axis of the samples. As a force acting on a collagen 
fiber in any direction can be divided into normal force and 
shear force, it can be assumed that the mineral collagen 
in the model is parallel to the sample axis, without loss of 
generality. The model can be analyzed using “shear lag” 
theory (Wang & Qian, 2006; Kotha & Guzelsu, 2000). 
Based on shear lag theory, it is assumed that the mineral 
phase carries only normal load and the collagen phase 
carries only shear load (Figure 7b). The external normal 
stresses σ0 and σ1 can be determined using traditional 
beam theory. According to the reciprocal theorem of 

Figure 4 — Typical plots of piezo-voltage vs. time for type A sample.

(a) electrode 6-6´ (b) electrode 3-3´

(c) electrode 5-5´ (d) electrode 2-2´

(e) electrode 4-4´ (f) electrode 1-1´
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shear stress, the shear stresses τ0 and τ1 are equal to the 
corresponding shear stresses on the cross-section. The 
shear stresses at any point on the cross-section can also 
be determined by using traditional beam theory. 

Let h and w be the widths of the collagen and min-
eral components respectively, and the model thickness is 
one unit. The force equilibriums of the isolated elements 
(Figure 7c) are derived using the analysis method reported 
in the literature (Wang & Qian, 2006):

 w
d� 0

dx
+ � 0 + � = 0  (a)

 w
d�1

dx
− � − �1 = 0  (b)

Let u0 and u1 be displacements of the two mineral 
components respectively, and assume the mineral com-
ponent is linear elastic. Then

 � 0 = E du0

dx
,      �1 = E du1

dx
,      � = G�

where E is the elastic modulus of the mineral phase, G 
is the shear elastic modulus, γ is the shear strain in the 
collagen layer. γ is also equal to

 � = u1 − u0

h
,

Substituting the above three equations into Eqs. (a) 
and (b), and then subtracting (a) from (b) yields

 wEmh
d 2�

dx2 − 2G� = � 0 + �1
 (c)

Figure 5 — Typical plots of piezo-voltage vs. time for type B sample.

Table 2 Piezo-voltage peak values (mV) for type A sample under 3- and 4-point bending

Sample

type A

Electrodes

1–1′ 2–2′ 3–3′ 4–4′ 5–5′ 6–6′

3P 4P 3P 4P 3P 4P 3P 4P 3P 4P 3P 4P

1 1.06 0.69 1.71 0.10 1.23 –0.28 –0.49 0.43 –1.28 –0.10 –0.94 –0.17

2 3.27 0.72 4.33 0.19 1.78 –0.44 –1.92 0.55 –3.94 0 –2.13 –0.31

3 1.35 0.40 1.32 0 1.30 0.56 –1.35 –0.47 –1.66 0.14 –0.77 0

4 0.81 0.54 2.65 0 2.47 0.80 –1.75 –0.42 –1.87 0 –0.79 0.32

5 2.39 0.76 1.10 –0.15 1.63 –0.15 –2.10 –0.22 –0.99 –0.20 –1.57 –0.50

Table 3 Piezo-voltage peak values (mV) for 

type B sample under 3- and 4-point bending

Sample

type B

Electrode 7–7′ Electrode 8–8′

3P 4P 3P 4P

1 2.30 1.99 1.20 –0.20

2 1.86 2.03 0.65 0

3 3.07 3.04 1.38 0

4 1.79 1.90 1.76 0.30

5 3.68 3.40 4.01 0.18

(a) electrode 7-7´ (b) electrode 8-8´
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seems doubtful that normal stress contributes only to the 
amplitude of piezo-voltage and not to changing its sign. If 
normal stress itself can generate a piezo-voltage in bone, 
it must dominate the sign of the voltage, as a voltage is a 
physical quantity with both magnitude and sign. A pos-
sible reason is the coupling effect between normal stress 
and shear stress. Macroscopically, only normal stress is 
operating on a cross-section of a sample under four-point 
bending. However, because cortical bone has a hierarchi-
cal structure and collagen fibrils are distributed in the 
mineral matrix in a very complex and random manner, 
the coupling effect between normal stress and shear stress 
becomes microscopically stronger. Perhaps the piezo-
voltages in the pure bending zone of the sample under 
four-point bending arose from the coupled shear stresses. 
If so, the contribution of normal stress to piezo-voltages 
in bone still comes substantially from shear stresses. 
Other possible contributors to bone piezoelectricity are 
the cross-links, which are covalent bonds between two 
adjacent collagen molecules (Figure 6). Pollack et al. 
(1977) found experimentally that the piezoelectricity of 
bone increased with an increasing amount of cross-links. 
Minary-Jolandan and Yu (2009) formed the opinion that 
the cross-links enable collagen molecules to transmit 
mechanical forces to neighboring collagen molecules. 
In terms of their transmission function, the cross-links 
are affected by shear stress. The contribution of piezo-
signals from the cross-links to the piezo-voltages from 
the bending experiment is an interesting research issue.
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with the following boundary conditions:

�
x=∞= a bounded value, and also � x=0= a bounded value.

Because the origin is a relative position, it can be 
considered that�

x=0
= 0 .

Finally, the solution is

 � x( ) = − � 0 + �1

2G
1− e
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