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ABSTRACT 
Fast, three-dimensional polarization mapping in piezoelectric sensor cables was 
performed by means of the novel thermal-pulse tomography (TPT) technique with a 
lateral resolution of 200 µm. The active piezoelectric cable material (a copolymer of 
polyvinylidene fluoride with trifluoroethylene) was electrically poled with a point-to-
cable corona discharge. A focused laser was employed to heat the opaque outer 
electrode, and the short-circuit current generated by the thermal pulse was used to 
obtain 3D polarization maps via the scale transformation method. The article describes 
the TPT technique as a fast non-destructive option for studying cylindrical geometries.   

   Index Terms  — Thermal-pulse tomography, piezoelectric materials, sensor cables, 
polarization profile, polyvinylidene fluoride, pyroelectric effect. 

 
1   INTRODUCTION 

THE research of poled or charged electret polymers, whose 
main applications are focused on sensors and actuators, needs 
efficient techniques to map their polarization and space-charge 
distributions [1]. While destructive techniques, such as cross-
sectional imaging with a scanning electron microscope [2], have 
found their place in electret research, non-destructive methods are 
preferred in most cases. Examples include several acoustic 
techniques (e.g., laser-induced pressure-pulses (LIPP), the pulsed 
electroacoustic method (PEA) and piezoelectrically generated 
pressure steps (PPS) [3]) as well as thermal techniques [4], such 
as the laser intensity modulation method (LIMM) [5] and the 
thermal-pulse (TP) method [6] to obtain the depth-profiles of the 
electric field. The latter methods use a pulsed or periodic heating 
(usually by means of laser light absorbed by an opaque electrode) 
of the sample to generate a short-circuit current or change in 
surface potential which contains information about the spatial 
distribution of electric dipoles or space charges. The LIMM 
technique is an implementation in the frequency domain, while 
the TP method works in the time domain. Using nanosecond 

laser-pulses, near-surface depth resolutions in the sub-µm range 
are easily achieved [7]. A recent comparison of LIMM with the 
TP method showed excellent agreement between the two 
techniques [8]. The advantage of the latter is a significantly higher 
data acquisition speed (up to 50 times faster than LIMM). Taking 
advantage of the higher speed, three-dimensional maps of the 
polarization distribution in poled polymer films were obtained by 
focusing the laser to spot sizes down to approx. 40 µm and 
scanning it across the sample. This approach, known as thermal-
pulse tomography (TPT), yielded a lateral and near-surface depth 
resolution of 38 µm and 0.5 µm, respectively [9]. A similar 
implementation, known as the focused laser intensity modulation 
method (FLIMM) [10], was previously performed in the 
frequency domain. Although the authors reported lateral 
resolutions down to 5 µm, this method requires a significantly 
longer data acquisition time which limits the number of beam 
pointings.  

Polymer films investigated with thermal-pulse tomography 
include ferroelectric polyvinylidene fluoride (PVDF) and its 
copolymers with trifluoroethylene (P(VDF-TrFE)) [11,12], as 
well as polytetrafluoroethylene (PTFE) [9] as an example of a 
non-polar space-charge electret. The current work presents an 
application of TPT in a cylindrical geometry. Piezoelectric sensor Manuscript received on 13 April 2006 in final form 3 July 2006. 
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cables are used as robust sensors for mechanical stress in, e.g., 
intrusion detection and traffic counting applications [13]. Their 
manufacturing, electrical poling, and characterization have been 
described in detail in an earlier publication [14]. In that work, 
the electromechanical properties and the one-dimensional 
polarization depth profiles of corona-poled P(VDF-TrFE) 
coaxial cables were obtained by means of dielectric resonance 
spectroscopy and the piezoelectrically generated pressure step 
method (PPS), respectively. However, the resulting 
polarization profile is an average over the angular coordinate 
due to the relatively large electrode diameter of 5 mm. The 
present work is the first three-dimensional study of the 
polarization in these sensor layers. 

 

2  EXPERIMENTAL DETAILS 
The cables investigated in the present study were 

manufactured by Huber & Suhner AG, Herisau, Switzerland, 
and consist of a P(VDF-TrFE) dielectric extruded onto a 
multi-wire core. The thickness of the active P(VDF-TrFE) 
layer is approx. 210 µm (Figure 1). Two sets of cables were 
poled in a stationary laboratory setup. The poling was 
performed by means of a single needle, located at 30 mm from 
the cable, with voltages of −25 kV and −60 kV in air and SF6, 
respectively. The SF6 atmosphere was necessary to prevent 
gas breakdown at the higher voltage. After poling, the multi-
wire core was removed (cf. Figure 1) and replaced by a 
stainless steel pin of 0.7 mm diameter. The outer opaque 
electrode was provided by evaporating 200 nm of Cu onto the 
P(VDF-TrFE) cylinder in high vacuum. For comparison, 
several cables of the same type, but poled at voltages around 
20 kV in a continuous industrial process with a 4-tip corona 
discharge, were mounted in the same fashion.   

 
 
 

 
 

Figure 1. (a): schematic view of a typical piezoelectric sensor cable, (b): 
cable before corona-poling, (c): optical micrograph (cross-section) of the 
(VDF-TrFE) insulator. Its outer diameter is approx. 1.1 mm and its thickness 
approx. 210 µm.  For thermal pulse experiments, the outer insulator surface 
was coated in high vacuum with 200 nm of copper. 
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Figure 2.  Experimental setup for the focused thermal-pulse technique.  
 

Our thermal-pulse tomography setup is capable of scanning 
both planar and cylindrical geometries, i.e. films [9, 11] and 
coaxial cables. The setup for investigating cylindrical 
geometries is shown in Fig. 2. The  cables were mounted on a 
motorized rotary stage (DMT 40, OWIS GmbH), which 
permitted to rotate the sample through angles φ ranging from 
nearly 0° to 360° (limited only by the length of the thin 
contact wire to the outer electrode).  

Motion in the X and Y directions was achieved by means of 
a motorized XY positioning stage (ERLIC 85, OWIS GmbH). 
The thermal pulses were created by focusing a Nd:YAG laser 
(New Wave Polaris III) beam onto the Cu electrode. The 
short-circuit pyroelectric current was amplified by a Stanford 
Research SR 570 current-to-voltage converter and recorded 
with a digital storage oscilloscope (Agilent 54833A) at a rate 
of (Δt)-1= 2×106 Hz. For each beam pointing, the data from 30 
laser pulses were averaged, requiring an acquisition time of 
less than 10 s (at a pulse repetition rate of 6 Hz). The resulting 
waveform with N = 360 000 data points was stored for further 
processing.  
 The laser beam spot size (defined by the diameter between 
the points where the intensity drops to 1/e2 of the central value 
[15]) could be adjusted between 400 and 25 µm by varying the 
Z position of the sample holder along the optical axis and was 
determined with the help of a knife-edge focuser. All scans 
were carried out with a spot size of 200 µm which represents a 
good compromise between spatial resolution and signal-to-
noise ratio. 

 

3  DATA ANALYSIS 
The raw data (i.e., the transient current I(tk) as a function of 

time) was transformed into the frequency domain using a fast 
Fourier transform (FFT) algorithm [16]. While data analysis in 
the time and frequency domain is equivalent in principal [8], 
correcting for the frequency-dependent complex gain and phase 
shift of the pre-amplifier α~ (fn) is a simple division in the 
frequency domain: 
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Here, ( )nfJexp
~  is the (complex) frequency-domain current. It 

is related to the profile of the pyroelectric coefficient p(x, y, z) 
via the LIMM equation, which in three dimensions can be 
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where T~ (x,y,z,fn) and d are the frequency-domain temperature 
amplitude of the thermal wave and the sample thickness, 
respectively. For a multilayer geometry with a Gaussian-shaped 
thermal source, T~ (x,y,z,fn) can only be calculated numerically, 
for example by means of the finite element method [9, 11, 16]. 
However, for pyroelectric distributions that do not strongly vary 
as a function of the in-plane coordinates x and y, equation (3) 
may be replaced by its one-dimensional form  
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where A is the electroded area. A solution of the LIMM 
equation taking into account the dependence of p on the x and y 
dimensions is currently in progress [11]. Equation (4) is a 
Fredholm integral equation of the first kind. The solution of this 
equation with respect to p is an ill-posed problem. However, 
there exist a number of techniques to obtain a physically 
meaningful solution p(z) for a given current spectrum. For 
example, regularized solutions are obtained by minimizing  
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with respect to each of the coefficients. In equation (5), λ is 
the regularization parameter, whose main function is to 
determine whether minimization of the first or second term 
(controlling the smoothness of the solution) has the greater 
priority. This parameter may be calculated using, for example, 
the L-curve method [17]. 
 For depths z<d/4, an approximation of the pyroelectric 
distribution pa(z) in sensor cables was calculated by means of 
the scale-transformation method [18]:  
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In this equation, c, ρ, η and D are the heat capacity, the 
density, the absorption coefficient and the thermal diffusivity 
of the sample; j~ is the laser-light intensity. The scale-
transformation method provides an unambiguous solution in a 
region near the sample surface and preserves the high depth-
resolution inherent to thermal techniques. Notice the 
simplicity of the method, since it only requires subtracting the 
imaginary part of the complex frequency-domain current 

)~( expJℑ from its real counterpart )~( expJℜ . In the present case, 

with 210≈d µm, the polarization distribution for depths up to 
approx. 54 µm can be extracted via the scale transformation 
method. This depth is small compared to he curvature radius 
of the cable (550 µm), thereby justifying the 1-dimensional 
approximation. In any case, the finite recoding time t = NΔt = 
0.18 s of the transient current limits the maximum probe depth 
to approx. Dtz =  = 103 µm (for a thermal diffusivity of D = 
6×10-8 m2/s). Since the pyroelectric coefficient is related to the 
polarization P via Pα=TP=p T∂∂ /  (where Tα is the relative 

temperature coefficient of the polarization), maps of the 
pyroelectric coefficient indicate the spatial distribution of the 
polarization. 
 

4  RESULTS AND DISCUSSIONS  
 The polarization maps calculated from the experimental 

data with the scale transformation method are presented in 
Figures 3 and 4, respectively. The scanned area covers approx. 
350° around the circumference and ca. 19 mm in length. The 
maps are the result of 1000 individual thermal-pulse 
measurements (20 and 50 points on the φ and Y axes, 
respectively). The corona tip positions are marked with a 
cross.  

The cable poled at −25 kV exhibits a non-uniform 
polarization distribution along the radial (depth) coordinate 
(Figure 3). In addition to a depolarized layer near the surface 
(up to depths of approx. 6 µm), there is a noticeable increase 
of the polarization in the radial direction towards the core.  
This behavior is expected in a cylindrical geometry, since the 
electric poling field depends on the depth z as  

)(
1

)/ln(
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zrrr
V

=zE
oio

p

−
                             (7) 

where Vp is the applied poling voltage, and ro and ri are the 
outer and inner radii of the P(VDF-TrFE) layer, respectively. 
This depth-dependence of the polarization was also observed 
in a previous study performed with the acoustic PPS method 
[14], although the RC time constant led to a significant 
distortion of the signal. Due to the slower diffusion speed of 
thermal pulses (compared with the propagation of acoustic 
waves), the present measurements do not suffer from this 
effect. 
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Figure 3. Polarization map of a stationary corona-poled P(VDF-TrFE) sensor 
cable. The voltage applied to the single needle located at (φ = −88°, Y = 0 
mm) was −25 kV. The cross marks the φ  and Y coordinates of the corona tip. 
  

1032 R. Flores Suárez et al.:  Thermal-Pulse Tomography of Polarization Distributions in a Cylindrical Geometry



 

 
 

 

−10 −8 −6 −4 −2  0  2

pyroelectric coefficient [a.u.]

 
 −150

 
 −100

 
 −50

 
 0

 
 50

 
 100

 
 150

  −10
  −5

  0
  5

z=    54 µm

φ [degrees]

Y [mm]

 
 −150

 
 −100

 
 −50

 
 0

 
 50

 
 100

 
 150

  −10
  −5

  0
  5

z=    54 µm

φ [degrees]

Y [mm]

z=    26 µm

z=    12 µm

z=     6 µm

  
Figure 4. Polarization map of a stationary corona-poled P(VDF-TrFE) sensor 
cable. The voltage applied to the single needle located at (φ = 158°, Y = −2 
mm) was −60 kV. The cross marks the φ  and Y coordinates of the corona tip. 
 
The edge depolarization at low depths was also observed in another 
thermal-pulse experiment where the entire cable insulation was 
heated by placing the cable into a diffuser [19]. It is thus thought to 
originate from surface impurities, rather than being caused by the 
thermal stress induced on the sample. In addition, care was taken to 
limit the laser fluence to values below 0.1 J/cm² at all times. 

 In the (φ, Y) plane, the polarized area is very well defined, 
extending approx. ± 50° and (+5, −10) mm from the needle 
position. Beyond this area, the polarization tends to decrease 
smoothly. Figure 5a shows the polarization as a function of the 
angular coordinate φ at Y=0 mm (the needle position along the 
symmetry axis) for different depths. From these profiles, it is 
clearly seen that the polarization maximum is reached at the 
projected position of the corona tip at φ = −88° for all scanned 
depths.  

The polarization tomogram for the cable poled at −60 kV 
(Figure 4) shows, as in the previous case, higher polarization 
values with increasing depth, although with a less pronounced 
depth-dependence. Due to the higher poling voltage, the 
poling field reached or exceeded the coercive field at nearly 
all depths. In the cross sectional view at Y = −2 mm (Fig. 5(b)) 
there is a region of low polarization values from φ ≈ −150° to 
50°. Notice that at lower depths up to z = 6 µm, there is 
already a narrow area of higher polarization values (ranging 
from 100 to 150 degrees). The maximum of polarization is 
reached beyond φ = 150°, just at the edge of the scanned 
angular range. According to these results, we have polarized a 
region approx. 100° wide at −25 kV and approx. 50° wide at 
−60 kV. Thus, achieving a homogeneous polarization along 
the circumference of the cable appears to require a setup   with 
a ring of 6 corona needles at 60° intervals. 
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Figure 5. Calculated polarization as a function of the angle φ at a fixed Y 
position (directly under the corona needle) for different depths z in sensor 
cables poled with a single needle. (a): poling voltage −25 kV, Y=0 mm, (b): 
poling voltage −60 kV, Y=−2 mm (cf. Figs. 3 and 4). 

 
 
 

Cables poled in a continuous process exhibit a significantly 
different polarization distribution (Figure 6). Due to the 
corona geometry with four needles evenly distributed around 
the cable, there is no “hot spot” as in the stationary poled 
specimens. However, Figure 6 shows noticeable 
inhomogeneities in the Y direction along the length of the 
cable.  
 A comparison of the polarization inhomogeneities along the 
Y coordinate at a fixed depth (z = 52 µm) for the cables poled 
under either stationary or continuous conditions is shown in 
Figure 7. For the stationary poled samples, the chosen angles 
φ  correspond to a location directly under the corona tip. To 
obtain a quantitative measure for the inhomogeneities, we 
define a relative root mean square (rms) value of the 
polarization: 
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Figure 6. Polarization map of a continuously poled P(VDF-TrFE) sensor 
cable. Poling was performed by means of a 4-needle corona discharge and tip 
voltages of 20 kV. 
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Figure 7. Calculated polarization (absolute value) as a function of the Y 
position at a fixed angle φ and depth  z = 52 µm in sensor cables poled either 
in a continuous process (poling voltage 20 kV, φ = 0°) or in a stationary 
process (poling voltages: −25 kV, φ = −88°, and −60 kV, φ = 158°). The traces 
represent cross-sections of  Figs. 3, 4 and 6. 
 
where Pi is the i-th value of the polarization along the Y axis 
and P  is the mean value of polarization. The summation 
window (from i1 to i2) was chosen to comprise a length of 
10 mm in all three samples. This interval is small compared to 
the extent of the poled region for the stationary poled cables. 
For the continuously poled cables we obtained an rms value of 
0.20, whereas the highest rmsσ  values for the samples poled at 
−25 and −60 kV under stationary conditions were 0.10 and 
0.087, respectively. Thus, the continuous poling process 
results in inhomogeneities approx. twice as large as for the 
stationary process. 

A possible explanation lies in the relatively high drawing 
speed, which limits the effective poling time (for which the 
electric field exceeded the coercive field of P(VDF-TrFE)) to 
300 ms. On the other hand, the surface-potential build-up time 
in a corona discharge may be of the order of seconds [20]. 
Therefore, the corona discharge operates far from steady state 
conditions. Torsional motion (known to occur in the poling 
process) may account for the variation of the polarization in 
the angular direction. Thus, a slower extrusion speed (and 
possibly a higher corona voltage in an SF6 atmosphere) is 
required for a more uniform polarization. 

5 CONCLUSION 
Using focused thermal pulses, the spatial distributions of 

the polarization in ferroelectric polymers can be measured 
with high lateral resolution. Due to the high data acquisition 
speed of this technique it is possible to obtain detailed scans in 
short periods of time (≈ 10 s per beam pointing). Moreover, 
the thermal-pulse tomography technique may be employed to 
investigate different sample geometries, such as planar 
polymer films and cylindrical polymer layers. An industrial, 
continuous poling process of P(VDF-TrFE) sensor cables was 
shown to yield polarization inhomogeneities about twice as 
high as a stationary one. 
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