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ABSTRACT: Films consisting of three joined layers of gelatin, oriented collagen, and 
gelatin were prepared. The temperature dependence of piezoelectric constants (d=d' -id" 
and e=e' -ie") was determined at 10Hz for the combined films with different hydrations. 
At a moisture content above 30 wt %, d' and e' decreased with increasing temperature just 
above -100°C, and their signs reversed around -30°C, and approached zero around room 
temperature. The temperature dependence of the piezoelectric current induced by static 
stress was also determined for a film with a moisture content of about 33 wt %. The sign 
reversal of the decaying current was observed at intermediate temperatures in accord with 
the sign reversal of d' in a.c. measurements. The theoretical explanation for this was given 
on the basis of the Maxwell-Wagner type dielectric relaxation in a two phase system and 
the decay of piezoelectric polarization in collagen layer. The same explanation may be 
applied for the temperature dependence of the piezoelectric constant of bone, which consists 
of collagen fibers and hydroxyapatite. 

KEY WORDS Piezoelectric Relaxation I Collagen I Gelatin I Com-
posite Film I Hydration I Maxwell-Wagner Relaxation I 

The frequency and temperature dependence of 
the piezoelectric, elastic, and dielectric constants 
is influenced by the inhomogeneous structure in 
polymers. A mechanical relaxation due to the 
inhomogeneity in dispersed systems is caHed the 
Frohlich-Sack effect. 1 A dielectric relaxation 
due to the inhomogeneity is cailed the Maxweii
Wagner effect. 2 The theoretical interpretation for 
the piezoelectric relaxations in polymers is often 
based upon a two phase model, consisting of the 
piezoelectric phase and the nonpiezoelectric 
phase. 3 ' 4 A three-phase model consisting of the 
piezoelectric phase, the nonpiezoelectric phase and 
the boundary phase has been also proposed. 5 

Hydration in polymers influences their elastic 
and dielectric properties. In general d.c. conduc
tivity in polymers increases with an increase in 
hydration. Some polymers change their structure 
due to hydration. 6 ' 7 For these reasons, the piezo
electric properties of polymer are also influenced 
by hydration.8 ' 9 In order to investigate in detail 
the influence of hydration on the piezoelectricity 
of polymers, a model experiment was undertaken 
using the combined films of coilagen and gelation 

of different hydrations. The combined film is 
a model system for the piezoelectric polymer; the 
coilagen layer being the piezoelectric phase and the 
gelation layer the nonpiezoelectric phase. 

EXPERIMENTAL 

Combined films of coilagen and gelatin were 
prepared in the foiiowing way. CoHagen tapes, 
2-mm wide and 0.09-mm thick, having been orient
ed longitudinaily during manufacture, were joined 
together breadthwise to increase their width using 
water as an adhesive. Such a coilagen film was 
placed on gelation gel prepared in a nylon ceil, 
and the gelatin solution was poured over the coHa
gen film. After drying in air for several days, 
a combined film consisting of paraiiel layers of 
gelatin, coHagen and gelatin was obtained. The 
thickness of the coHagen layer was approximately 
0.2 mm and that of the gelatin layers approxi
mately 0.05 mm each. A rectangular sample was 
then cut at 45 degrees to the orientation direction 
of coHagen fibrils. In this sample a tensile stress 
along the length of the film gives a shear stress 
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with respect to the oriented collagen fibrils. 
Finally, silver was evaporated on to the central 
area, 5 x 5 mm, of both surfaces to serve as elec
trodes. The dimensions of the sample film was 
about 10 x 5 x 0.3 mm. 

Measurements of the piezoelectric strain con
stant, d=d' -id", the piezoelectric stress constant, 
e=e' -ie", and the elastic constant, C=C' +iC", 
were carried out at 10Hz in a temperature range 
from -150 to + 150°C. The apparatus recorded 
the temperature variation of real and imaginary 
components of these constants. Sinusoidal stress, 
strain and polarization of the sample were detected 
by a piezoelectric ceramic element, a nonbonded 
type strain guage and a charge amplifier, respec
tively and the ratios of any two of these were 
determined by an operational circuit. The details 
have been given in a previous publication.10 

The measured d-constant gives the ratio of the 
electric polarization to the mechanical stress ap
plied at 45 degrees to the direction of fibrillar 
orientation. If rectangular coordinates are as
signed to the sample, so that the x-axis is normal 
to the film plane and the z-axis is parallel to the 
orientation direction of collagen fibrils, the piezo
electric tensor component d14 is twice the observed 
d-constant, where the subscript 14 indicates that 
the shear stress in the yz plane produces the polari
zation in the x direction. Although the sign of 
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d14 has been found to be negative, for convenience 
sake the observed d-constant will be shown as a 
positive quantity in the following descriptions. 

The dielectric constant, <:=s' -is", was measured 
at 10, 20, and 64 Hz in a temperature range from 
-150 to + 150°C.9 

Measurements of the static piezoelectricity were 
also carried out. A static stress of about 1.5 kg/cm2 

was applied to the sample by passing a constant 
d.c. current through a moving coil of the driver. 

. The piezoelectric current induced between effec
tively short circuited electrodes was detected by 
a micromicro-ammeter (Keithley 610 B) and its 
temporal variation was recorded with an osillo
scope. 

The samples were placed in desiccators at rela
tive humidities (RH) of 93, 84, 75, 63, 43, and 23% 
at 25°C for at least two days before measurement. 
The moisture contents of the sample at respective 
relative humidities were about 45, 33, 28, 25, 20, 
and 15 wt%. 

RESULTS 

Comparison of the temperature dependence of 
d-constant and e-constant for a collagen film (C), 
a combined film of collagen and gelatin (CG), and 
a thin piece of fish bone (FB), all equilibrated at 
93-% RH is shown in Figure 1. For all samples, 
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Figure 1. Temperature-dependence of the piezoelectric strain- and stress-constant, e=e' -ie" and 
d=d' -id", for oriented collagen film (C), combined film of collagen and gelatin (CG), and 
fish bone (FB) equilibrated at relative humidity 93 %. 
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e' decreases with increasing temperature. For 
collagen (C), d' shows a maximum around -50°C 
and decreases with increasing temperature. For 
CG and FB, d' shows no maximum. It is noted 
that the sign of d' and e' for CG and FB changes 
from positive (d14 , e1 4 <0) to negative (d14 , e14>0) 
at about - 30°C, whereas the reversal of sign of 
d' and e' is not observed for collagen (d14 , e14 <0). 
Corresponding to the change of d' and e', d" 
and e" of collagen (C) show a negative maximum 
(leading phase) around -30°C and small shoulder 
around -50°C. For CG and FB, d" and e" 
show a negative maximum around -50°C. 

The temperature dependence of d-constant and 
e-constant for the combined film (CG) equilibrated 
at different relative humidities is shown in Figures 
2 and 3. The sign reversals of d' and e' are 
observed only for samples equilibrated at relative 
humidities higher than 84%. 

Since the gelatin layer is considered to be a 
capacitor connected in series with the collagen 
layer, we purposely connected a capacitor of 143 
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Figure 2. Temperature-dependence of the piezoelec
tric strain constant, d=d' -id", for combined films 
of collagen and gelatin with different hydration. 
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pF (abbreviated to Cap in Figure 4), in series with 
the combined film (CG). A comparison of the 
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Figure 3. Temperature-dependence of the piezoelec
tric stress constant, e=e' -ie", for combined films 
of collagen and gelatin with different hydration. 
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Figure 4. Temperature-dependence of the piezoelec
tric strain constant for oriented collagen film (C) com
bined film of collagen and gelatin (CG), and CG with 
a capacitor (143 pF) connected in series all equilibrated 
at 93-% RH. 
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temperature dependence of d-constant for C, CG, 
and CG+Cap, hydrated at 93-% RH is shown in 
Figure 4. It is seen that the temperature of the 
sign reversal of d' for CG+Cap is lower than that 
for CG. 

The temperature dependence of the dielectric 
constant at 10 Hz for a combined film is shown 
in Figure 5. For samples equilibrated at high rela
tive humidities, c' and c" increase sharply with 
increasing temperature, and become very large 
above - 50°C. Figure 6 shows the frequency 
dependence of the dielectric constant at various 
temperatures between -50 and ooc for a combined 
film equilibrated at 93-% RH. Curves were shifted 
horizontally to make a single composite curve 
at -20°C as shown in Figure 7. 

Figure 8 shows the temporal variation of the 
piezoelectric current caused by applying a static 
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Figure 5. Temperature-dependence of the dielectric 
constant, s=s' -ie", for combined films of collagen 
and gelatin with different hydration. 
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Figure 6. Frequency-dependence at different tem
peratures of the dielectric constant, e=e' -ie", for a 
combined film of collagen and gelatin at 93-% RH. 
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Figure 7. Master curve of the dielectric constant, 
e=s'-ie", at -2o•c and 93-% RH. 
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Figure 8. Variation with time at different tempera
tures of the piezoelectric current under a static stress 
for a combined film of collagen and gelatin at 84-% 
RH. 

stress of about 1.5 kg/cm2 to a hydrated CG 
sample equilibrated at 84-% RH. The measuring 
temperature was changed from -140 to -23 oc. 
The sign of electric current is negative at -140°C, 
but becomes positive at - 23°C. In the tempera
ture range from -73 to - 38°C, the sign of the 
current changes from negative to positive, and the 
positive current shows a maximum. 

DISCUSSION 

It is known that elasticity,11- 13 dielectricit/4 ' 15 

and piezoelectricitl of collagen are influenced by 
hydration. Baer, et al./2 observed three elastic 
relaxations at -63, -13, and 43°C at about 1Hz 
for collagen with 35-wt% moisture content, and 
those at -130, -90, and -10°C for collagen 
with 10-wt% moisture content. Stefanou, et al./2 

reported elastic relaxations at -80 and -20°C 
at 1 Hz for collagen with 1 0-wt% moisture content. 
Chang, et al., 15 found dielectric relaxations at 
-80, 10, and 88°C at 100Hz for collagen with 
12-wt% moisture content. It appears that the 
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origins of these relaxations have not been well 
understood. In a previous paper9 we proposed 
tentative interpretations for the piezoelectric re
laxations in collagen shown in Figure 1, where 
maxima of e" were seen at -100, -50, and 
- 30°C. The relaxation around -100°C is as
sociated with the local mode relaxation of main 
chains of collagen, that around - 50°C with the 
side chain relaxation, and that around - 30°C 
with the increase in ionic conductivity. 

The piezoelectricity of bone is believed to be 
brought on by the piezoelectricity of the crystalline 
micelle of collagen molecules.16- 18 The maxima 
of e" around -120 and -60°C for FB shown in 
Figure 1 may be associated with the local mode 
relaxation and the side chain relaxation of collagen 
respectively. It is noted that d' and e' for FB 
and CG reverse their signs at about - 30°C. 

The piezoelectric effect of CG obviously origi
nates in collagen, since the amorphous gelatin 
layer does not show a piezoelectric effect. The 
sign of d' and e' for collagen does not change, but 
that for CG does change at about - 30°C. As 
shown in Figure 4, when a capacitor is connected 
to the CG film, the temperature of the sign reversal 
of d' shifts to a lower temperature. The effect of 
the connection of the capacitor is similar to that 
caused by decreasing the electric capacitance of 
the gelatin layer. This suggests that the reversal 
of sign of d' and e' observed for hydrated CG is 
caused by the inhomogeneous structure of the three 
layer system. It can also be supposed that the 
nonhomogeneous structure of bone consisting of 
thin spiral layers of collagen fibrils and hydroxy
apatite, may cause the inversion of the sign of 
d' and e'. 

As seen in Figures 2, 3, and 5, the variation with 
temperature of d, e, and s markedly depends upon 
the level of hydration. The reversal of sign of 
d' and e' is observed for highly hydrated samples 
(No.4 and 5), but not for less hydrated samples. 
At a high temperature range, s' and s" for hy
drated samples show very large values. 

Uemura19 proposed that when the influence of 
ionic impurities is predominant, s' and s" are 
proportional to f- 312 and/-1 respectively, where f 
is a measuring frequency. The above relations 
hold for master curves of s' and s" for CG in 
Figure 7. It is also seen that the temperature 
range where d' and e' decrease corresponds to the 
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Figure 9. A schematic struCture of a combined film 
of collagen and gelatin. 

temperature range wheres' and s" sharply increase. 
These observations suggest that ionic conduction 
is responsible for the decrease and subsequent sign 
reversal of d' and e' with increasing temperature 
observed for hydrated CG. 

Figure 9 shows schematically the combined film 
of gelatin and collagen where layer 1 is the non
piezoelectric gelatin layer and layer 2 is the piezo
electric collagen layer. In actual samples, gelatin 
layers are joined to both faces of the collagen layer, 
but for the sake of simplicity only one gelatin layer 
is represented in Figure 9. The gelatin layer is 
joined in series with the collagen layer with respect 
to the direction of the electric polarization or field. 
Denoting the thickness of gelatin and coHagen 
layers by /1 and !2 , the dielectric constant of gelatin 
and coHagen by s1 and s2, the electric displacement 
in each layer by D1 and D2, the electric field in 
each layer by £ 1 and £ 2, and the piezoelectric 
polarization of the coHagen layer by P 2, the foilow
ing relations hold: 

D1 =s1E1 

D2=s2E2+4rrP2 (1) 

The electric voltage between two electrodes on the 
surfaces of the samples is V=l1E1 +l2E2. In our 
experiments, the piezoelectric polarization is de
tected under the condition of V =0, thus we put 

(2) 

If we assume that there are no true charges in 
either layer, then 

(3) 

where q is the surface charge density of the elec
trodes and equals the polarization, P, observed 
for the ,sample. From eq 1-3, the polarization 
Pis given as 

108 

p (4) 

We denote the piezoelectric stress constant of 
the coHagen layer by e2 , the strain of the coHagen 
and of the sample by S2 and S, respectively. 
Since the layers are combined in series as in 
Figure 9 and the sample is strained transversely, 
S is equal to S2 • Then, using eq 4 the piezo
electric stress constant e of the sample is expressed 
as, 

(5) 

where o:=ldh and e2=PdS2. 
The piezoelectric strain constant e is related to 

the piezoelectric stress constant d as follows: 

d=e/C (6) 

where C is the elastic constant of the sample. 
After a simple calculation, the d constant obtained 
is 

d= o:.s1 1 +a e2 

o:s1 +.s2 C1 +o:C2 
(7) 

where C1 and C2 are the elastic constants of gelatin 
and collagen respectively. 

It has been shown that the time-temperature 
equivalence law holds for the piezoelectric and 
dielectric constants. Increasing temperature cor
responds to extending the measuring time. For 
instance, if the e constant increases with tempera
ture, it also increases with the measuring time. 
In other words, in a.c. experiments, the phase of 
polarization lags behind that of applied strain. 
In such a case, we say that the phase e is lagging 
and e" is positive if the notation e=e' -ie" is 
adopted. 20 If the e constant decreases with tem
perature, it should decrease with time. In a.c. 
experiments, the phase of polarization leads that 
of the applied strain. In such a case the phase 
of e is leading and e" is negative. 

According to our observations described above, 
the reversal of sign of the piezoelectric constant 
appears to depend upon the conductivity as weii as 
the inhomogeneity of the sample. Usually, the 
dielectric constant is a function of measuring 
temperature and angular frequency wand is given 
as a complex quantity. In the present case, the 
imaginary components of the dielectric constants 
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are mainly given by conductivities a1 and a2, and 
so we may put c1=cr' -i(4n:a!(w) and c2=c2'
i(4n:a2 fw). Then eq 5 is transformed into 

(8) 

where 
I I 

k a1c2 -a2e1 

c:/ (aa1 +a2) 
(9) 

and 

ac/ +c/ 
r= 4n:(aal +a2) 

(10) 

where r-1 =e1'/4na1 is the dielectric relaxation time 
for layer 1, and r2=c://4na2 is the dielectric relax
ation time for layer 2, and r is the Maxwell
Wagner relaxation time for the two layers. 

Observation of the temperature dependence of 
c1 (gelatin) and c:2 (collagen) for samples equili
brated at 84-% RH shows that c:da1 is about 
one order larger than c:2'/a" below about -10°C. 
Thus we can put r1>-r2 andk<O ineq9. Equation 
8 then shows that e is an increasing function of 
w, or is relaxational against measuring time when 
e2 is unchanged with time. From the time-tem
perature equivalence principle it can be also said 
that e decreases with increasing temperature when 
e2 is unchanged. Thus the phase e leads that of e2. 

Figure 1 shows for hydrated collagen (C), now 
phase 2, that e2 ' decreases with increasing tempera
ture and e2 " shows a negative maximum around 
- 30°C. In other words, the phase of e2 is leading, 
that is, the polarization P 2 in the collagen layer is 
leading in phase with respect to the applied strain 
S. According to the discussion about eq 8, the 
phase of e is leading with respect to e2, that is 
the observed polarization P is leading in phase 
with respect to the polarization P 2 in the collagen 
layer. As a result of this duplicated effect, the 
phase of P may lead that of S by more than 90 
degrees, which results in the sign inversion of e' 
observed by the a.c. measurement. 

The sign reversal of d' shown in Figure 2 is also 
explained in a similar way using eq 7. 

A d.c. bias field (1.5 kV/cm) was applied to a 
hydrated CG sample (93-% RH) at - 2oC for 10 s 
and the sample was cooled to -150°C, then the 
field was removed and the variation of d constant 
with increasing temperature was measured. Results 
are shown in Figure 10. The number indicates 
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Figure 10. The influence of a d.c. bias field on the 
temperature dependence of the piezoelectric strain 
constant d=d' -id", for a combined film of collagen 
and gelatin at 93-% RH. 

the sequence of experiments. The direction of 
the applied d.c. field for No. 2 is opposite to that 
for No.4. Curves No. 1 and No. 3 in Figure 10 
show the variation of d constant with temperature 
without the d.c. field. 

It is noticed that d' for No. 1 reverses sign at 
about - 20°C, though d' for No. 2-4 involves no 
sign reverse. The increase of d' by applying the 
d. c. field is not caused by the apparent piezoelectric 
effect due to the nonhomogeneous distribution of 
ions, because the data for No. 2 and No. 4 are 
independent of the direction of applied field. 
Once a d.c. bias field has been applied, the sign 
reversal of d' is no longer observed. This may be 
caused by the decrease of the ionic conductivity, 
a2 , in the collagen layer, because substantial 
numbers of ions are swept near the electrodes by 
the applied field and remain in the gelatin layers. 
The number of ions swept near the electrodes 
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should depend upon the strength of the applied 
field, and the temperature at which the field is 
applied. These effects have been also examined 
experimentally. 21 

As described above, the time-temperature equi
valence holds for the piezoelectric relaxation in 
polymers, similar to the dielectric and elastic re
laxations. 10 Since the piezoelectric constant 
measured dynamically for the hydrated CG re
verses its sign with increasing temperature, the 
piezoelectric polarization caused by a static stress 
should also change its sign with the lapse of time. 
This was confirmed by experimental results illus
trated in Figure 8. The sign of the piezoelectric 
current at -140°C is opposite to that at -23 °C. 
The negative sign of the current implies that the 
piezoelectric polarization is neutralized by the 
current inside the piezoelectric collagen phase. 
The electric current at temperatures from -73 to 
- 38°C changed from negative to positive with 
time. This indicates that the piezoelectric polari
zation under a static stress also changes its sign 
with increasing temperature. 

The total polarization reverses sign at the time 

tat which the relation (t 0Idt=-\t Idt is 
J o J to 

satisfied, where t 0 is the time of the sign reversal 
of the piezoelectric current I. Figure 11 shows 
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Figure 11. Relation between the reciprocal of the 
absolute temperature and the time of sign inversion 
of piezoelectric polarization. 
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the relationship between the reciprocal of the ab
solute temperature and the time of sign inversion, 
t, determined from the results in Figure 8. It is 
seen that the time for the sign inversion of polari
zation becomes shorter with increasing tempera
ture. This accords with the fact that in the dy
namical measurement, the temperature of the sign 
inversion of the piezoelectric constant shifts to 
higher temperature with increasing measuring 
frequency. 

Now, the piezoelectric polarization of the col
lagen layer P2 under a static stress is a relaxing 
quantity as discussed already. We assume that 
P 2 is given by 

(11) 

where Po is the instantaneous polarization and To 

the relaxation time. Several possible mechanisms 
may cause the decay of P 2 : the increase of the 
ionic conduction and the elastic relaxation in the 
boundary region of the piezoelectric phase, and 
the diffusion of counter ions around dipoles inside 
the piezoelectric phase, acting to neutralize the 
polarization. The relaxation time To is not deter
mined by macroscopic conductivity, but T and T 1 

are determined by conductivities a1 and a2 in 
gelatin and collagen layers. We suppose that the 
decay of P2 is most probably caused by the migra
tion of ions or water molecules around oriented 
dipoles, decreasing the polarization. 

The electric current I passing through the layers 
can be given by 

1 dD1 1 dD2 ( ) dt 12 

Using eq 1 to 5 and 12, I is expressed as 

I 

(13) 

Now let us consider a simple case when To= oo or 
in other words, the introduction of a fixed amount 
of polarization P 0 into the collagen layer (phase 2) 
due to its piezoelectric effect. Then using eq 10, 
eq 13 is modified to 

I ac:/ p (_1_ _1_) -t;, 
I I 0 - e 

ac:1 +c:2 T1 T 

I I 
ac:1 c:2 (_1__ _1_)p -t;, 

1 1 2 - oe 
(ac:1 +c:2 ) T1 T2 

(14) 
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where, as described above, Tt and T2 show the 
dielectric relaxation times of layer 1 and 2, respec
tively. If T1 <T2, then I>O and if T1>T2, then 
I <0. According to the experimental results it is 
known that T1>T2 and thus T1>T. Therefore, 
the negative sign of the current I at very low 
temperatures accords with this formula. 

In an actual case, To is finite and the polarization 
P 2 itself will decay with time, as in eq 11. Thus, 
we must consider eq 13. 

It is supposed that To is large at low temperatures 
and decreases with an increase in temperature. If 
To has a very large value, eq 13 approaches eq 14. 
Under the condition of To>Tt>T, both the first 
and the second terms in eq 13 are negative and give 
a decay curve of negative current, which is similar 
to the piezoelectric current observed at -140°C 
in Figure 8. If To has a moderate value and the 
condition T 1>T0>T holds, then the first term in 
eq 13 is negative and the second term is positive. 
Then eq 13 gives a curve with a sign reversal, 
which is similar to the piezoelectric currents ob
served at intermediate temperatures in Figure 8. 
If To is very small such as T 1>T>To the first term 
in eq 13 is positive and the second term is negative 
but very small. Equation 13 gives a decay curve of 
positive current, which is similar to the curve ob
served at -23°C in Figure 8. At intermediate 
temperatures from -73 to - 38°C the current to 
neutralize the piezoelectric polarization P2 and 
the current due to the decay of P 2 flow in opposite 
directions. Since the magnitude of their relax
ation times T and To are different, the superposition 
of the two decay curves yields a reversal in sign 
with time as shown in Figure 8. 

To summarize, the sign of the piezoelectric con
stant is determined by the direction of current in 
the sample. The sign inversion of the piezoelectric 
constant with increasing temperature can be ex
plained by considering two factors. One is the 
flow of current to neutralize the piezoelectric polar
ization in the inhomogeneous structure with the 
relaxation time T and the other is the decay of 
piezoelectric polarization in the collagen layer with 
the relaxation time To. 

Bone consists of oriented collagen fibers and 
hydroxyapatite crystallites, which can be approxi
mated as a two phase composite system. Since 
collagen absorbs more moisture and shows a higher 
conductivity compared to hydroxyapatite, the ex-
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planations used for the combined system of col
lagen and gelatin can be similarly applied to the 
sign inversion of the piezoelectric constants of 
bone. 
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