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(ABSTRACT) 

Poly(vinylidene fluoride) (PVDF) films can be easily etched into 

sensor devices. Since these sensors are relatively inexpensive, thin 

and light-weight, they can be attached to adhesively bonded joints 

permanently to measure bond integrity. The present study shows the 

different steps to design such sensors and proper techniques to 

attach them near the adhesive bondline. PVDF sensors have been 

successfully used as NDT transducers in pulse-echo, through- 

transmission, and acousto-ultrasonic techniques to monitore curing, 

to detect porosity and crack propagation in different model joint 

geometries. The potential of using these techniques for practical 

bonded structures has then been evaluated.
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1.0 INTRODUCTION 

Following World War II, the use of structural adhesives has 

become widespread in industry as a result of chemical research and 

technical development. Adhesive bonding offers many advantages 

compared with joints made using conventional techniques (welding, 

brazing, riveting, bolting) including weight reductions, manufacturing 

cost decreases and improved performances for a wide variety of 

applications. However, many of these benefits have not yet been 

realized because of the uncertainties concerning bond quality, 

durability and reliability. Appropriate non-destructive evaluation 

techniques and procedures are needed to evaluate’ structural 

integrity, to monitor damage development, and to assure the 

reliability of the bonded structure in the as-received condition and 

during service loading. Among various nondestructive methods, the 

ultrasonic technique is a simple and promising method to evaluate 

adhesively bonded joints!->. In general, ceramic crystals are used as 

transducers to send out and receive ultrasonic signals. The 

transducers may be used in either a pulse-echo or through- 

transmission mode®-9. An alternative method called the acousto- 
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ultrasonic (AU) method, developed by Vary!9-1!, is in the 

developmental stage for the characterization of adhesively bonded 

joints!2-14.With proper design, poly(vinylidene fluoride) films can be 

made into ultrasonic transducers!5-29, In monitoring and detecting 

damage in adhesive joints, the advantages of PVDF over ceramic 

crystals are many!9-22, PVDF is relatively inexpensive and easy to 

etch into intricate sensor patterns. It is thin and light-weight, hence 

it is possible to attach PVDF films to the bonded joint permanently. 

Furthermore, the PVDF transducers respond to a _ wide-banded 

frequency and are heavily damped. 

The objective of the study is to show the feasibility of 

developing PVDF sensors to detect the presence of damage and 

monitor their propagation in adhesive joints. A variety of PVDF 

sensors for measuring bond degradation has been considered and 

proper techniques to attach these sensors in or near the adhesive 

bondline have been identified. The most successful prototypes have 

been used on several joint geometries which have been damaged by 

mechanical and environmental exposure. The potential of using these 

techniques for practical bonded structures have then been evaluated. 
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2.0 LITERATURE REVIEW 

2.1 Ultrasonic techniques 

Ultrasonic techniques are widely used in the field of 

nondestructive testing. They can indeed measure wall thickness, 

detect flaws and determine’ differences in material properties*3-2>. 

The thickness of a homogenous material with known velocity is 

determined by measuring the distance traveled by the ultrasonic 

pulse which is proportional to the time taken between the emission 

of the pulse from the transducer and its reflection from the back 

surface. Fig. 1 shows the path of the pulse through the material and 

the value of its amplitude versus time at the upper surface. 

If V is the velocity in the medium (V depends on material 

properties), 

t is the time between the initial pulse and its back 

reflection, and 

L is the thickness of the material, 

LITERATURE REVIEW 3



  

— Transducer 

      

  
  

  

    

Pulse 

Amplitude 

4 Initial pulse 
Back reflection 

V _ > 

Time 

t 

<4 a       

Figure 1. Pulse-echo technique for the determination of wall 
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then V=—_ hence L=5” 

The same technique is used to detect flaws in a material. If 

there is a discontinuity in the material, a part of the signal reflects 

back to the transducer at a different time (fig. 2). It is possible to 

determine the location of the flaw, its size and its shape, such as in a 

C-scan. 

As the velocity in the medium of a material depends on the 

physical properties of this material, ultrasonic techniques can be 

used to determine changes in its properties. The attenuation of an 

ultrasonic signal can be due to changes in material grain size?° and 

elastic properties2>. 
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2.1.1 Types of waves 

The four modes of ultrasonic waves most frequently used for 

NDT are: 

longitudinal waves. 

transverse waves 

surface or Rayleigh waves 

Lamb waves 

When a wave travels through a medium, its particles are 

displaced. The way these particles vibrate defines the mode of wave 

propagation. 

Longitudinal waves are waves in which the particles move in 

the same direction as the wave is being propagated (fig. 3-a). 

Transverse (or shear) waves are waves in which the particles move 

at a right angle to the direction of wave propagation (fig. 3-b). 

Surface waves are waves which propagate at the surface of the 

medium. The particle vibrations of the waves follow a retrograde 

elliptical motion and occur in the plane containing the direction of 

propagation and the normal to the surface of the medium (fig. 3-c). 

Lamb waves are waves which propagate in thin plates. Their velocity 

depends on the thickness of the material and frequency. The 

associated modes of particle vibrations are complicated. 

LITERATURE REVIEW 7



  

Particle 

vibration 

    
Wave propagation \ / 

a. with longitudinal waves. 

  

<.___> <_____» 

<> <____» 

<—_——_____> <_____> 

Particle 

vibration 
Wave propagation \Z 

b. with transverse waves. 

      

  

  

    

  
Particle 
vibration Wave propagation 

  

c. with surface waves. 

Figure 3. Particle motion and wave propagation 

LITERATURE REVIEW



The velocities of longitudinal waves and transverse waves for 

isotropic materials are given by the following expressions: 

Longitudinal wave velocity: 

_ E(1-v) 

VL= \ p(it+v)(1-2v) 

Transverse wave velocity: 

vm_a| = 
rs 2p(1+v) 

where E : Young's modulus 

p : density 

v : Poisson's ratio 

LITERATURE REVIEW 9



2.1.2 Generation of ultrasonic waves 

There are different ways to produce ultrasonic waves but the 

most common phenomenon used for nondestructive testing is the 

piezoelectric effect. W.G. Cady2® defines the piezoelectric effect as 

" 

follows: Piezoelectricity is electric polarization produced by 

mechanical strain in certain crystals, the polarization being 

proportional to the amount of strain and changing sign with it. The 

reverse is also true; that is ... an electrical polarization will induce a 

tt 

mechanical strain in piezoelectric crystals. 

This effect has been observed in materials such as lithium 

niobate, barium titanate (BaTiO3), lead metaniobate, lead zirconate 

titanate (PZT), lithium sulfate, tourmaline, quartz and polymer films 

such as poly(vinylidene fluoride) (PVDF) or poly(vinylidene 

trifluoroethylene) (P(VDF-TrFE)). Among these materials, the most 

common ones used in the field of nondestructive testing are quartz, 

lithium sulfate, polarized ceramics (BaTi03, PZT), and, more recently, 

polymer films such as PVDF. 

These materials are used as piezoelectric transducers by 

putting electrodes on opposite sides of a crystal which expands and 

contracts when subjected to an alternating electric field, thereby 

sending an ultrasonic wave. On the other hand electrical signals will 

be produced if crystals are subjected to mechanical pressure. 
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2.1.3 Techniques 

There are several techniques used in ultrasonic testing: pulse- 

echo, through-transmission, resonance, frequency modulation, 

acoustic image, and the acousto-ultrasonic techniques. 

- In the pulse-echo technique, a pulse is sent by the 

transducer through the specimen. It is reflected at the opposite 

Surface and the echo is received by the same transducer (fig. 4). 

- The through transmission technique requires’ two 

transducers: a sender and a receiver. A pulse is sent by the sender 

into the specimen; the receiver picks up the signal at the opposite 

surface (fig. 5). 

- In the acousto-ultrasonic technique!9-!2, at least two 

transducers are used. An ultrasonic pulse is sent by one of the 

transducers. The receiving transducers intercept the propagating 

Stress waves resulting from the injected ultrasonic pulses (fig. 6). The 

Stress waves undergo multiple reflections at the boundary surfaces 

of the specimen. Thus they can be affected by those microstructural 

and morphological properties that also determine _ structural 

performance. Stress-wave propagation can be related to several 

parameters that are measurable from an AU waveform. One of the 
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parameters defined by Vary!© is known as stress-wave factor (SWF) 

and is given by the expression: 

SWE =RTC 

where R = repetition rate of input waveforms 

T = predetermined time interval 

C = number of oscillations in the received waveforms 

that exceed a preselected voltage threshold. 

Others AU parameters known as moment parameters!!.27 are 

given by the expression: 

fmax 

Mn= {wf)fndf 
0 

where W(f) = power spectral density function 

f = frequency 

fmax is the maximum frequency, or Nyquist frequency 

Theoretically, MO represents the area under the power spectral 

density curve and thus is a measure of the energy of the signal. 

Mi/MoO correlates to the centroid of the power spectral density 

curve. Physically, it indicates the center frequency of the signal 

relative to the amount of energy. For example, a signal with a higher 

M1/MO value would be a signal with proportionally more energy 

transfered at higher frequencies. 
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�S�h�a�f�t�,� �w�i�t�h�o�u�t� �r�e�m�o�v�i�n�g� �t�h�e� �s�h�a�f�t� �f�r�o�m� �t�h�e� �m�a�c�h�i�n�e�.� �W�h�e�n� �t�h�e� �c�r�a�c�k�s� 

�w�e�r�e� �f�o�u�n�d� �t�o� �c�o�v�e�r� �o�v�e�r� �2�5�%� �o�f� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �o�f� �a� �s�h�a�f�t�,� �t�h�e� �s�h�a�f�t� 

�w�a�s� �r�e�m�o�v�e�d� �a�n�d� �r�e�p�l�a�c�e�d�.� �I�n� �a�n�o�t�h�e�r� �c�a�s�e�*�>�,� �f�a�t�i�g�u�e� �c�r�a�c�k�i�n�g� �i�n� �a� 

�w�e�l�d� �j�o�i�n�i�n�g� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �s�h�e�l�l� �o�f� �a� �b�a�l�l� �m�i�l�l� �4�.�3� �m� �i�n� �d�i�a�m�e�t�e�r� 

�b�y� �9�.�1� �m� �l�o�n�g� �w�a�s� �m�o�n�i�t�o�r�e�d� �u�s�i�n�g� �c�o�n�t�a�c�t�-�t�y�p�e� �a�n�g�l�e�-�b�e�a�m� �s�e�a�r�c�h� 

�u�n�i�t�.� �T�h�e� �t�e�s�t�i�n�g� �w�a�s� �d�o�n�e� �a�t� �3�-�m�o�n�t�h� �i�n�t�e�r�v�a�l�s� �u�n�t�i�l� �a� �c�r�a�c�k� �w�a�s� 

�d�e�t�e�c�t�e�d�;� �t�h�e�n� �i�t� �w�a�s� �m�o�n�i�t�o�r�e�d� �m�o�r�e� �f�r�e�q�u�e�n�t�l�y�.� �W�h�e�n� �a� �c�r�a�c�k� 

�r�e�a�c�h�e�d� �a� �l�e�n�g�t�h� �o�f� �1�5�0� �m�m�,� �m�i�l�l�i�n�g� �w�a�s� �h�a�l�t�e�d� �a�n�d� �t�h�e� �c�r�a�c�k� 

�r�e�p�a�i�r�e�d�.� 
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�2�.�2� �P�i�e�z�o�p�o�l�y�m�e�r� 

�2�.�2�.�1� �S�t�r�u�c�t�u�r�e� 

�P�o�l�y�(�v�i�n�y�l�i�d�e�n�e� �f�l�u�o�r�i�d�e�)� �(�P�V�D�F�)� �i�s� �a� �l�o�n�g� �c�h�a�i�n� � �s�e�m�i�-� 

�c�r�y�s�t�a�l�l�i�n�e� �p�o�l�y�m�e�r�2�!�-�2�2�,�2�8� �w�i�t�h� �t�h�e� �r�e�p�e�a�t� �u�n�i�t� �(�C�F�2�-�C�H�2�)�.� �I�t� �e�x�h�i�b�i�t�s� 

�f�o�u�r� �c�r�y�s�t�a�l�l�i�n�e� �f�o�r�m�s�:� �B� �(�o�r� �I�)�,� �a� �(�o�r� �I�I�)�,� �y� �(�o�r� �I�I�I�)� �a�n�d� �a�p� �(�o�r� �I�p�)� 

�a�m�o�n�g� �w�h�i�c�h� �o�n�l�y� �a�o� �a�n�d� �B� �a�r�e� �c�o�m�m�o�n� �f�o�r�m�s�.� 

�T�h�e� �a� �p�h�a�s�e�,� �w�h�i�c�h� �i�s� �n�o�n�-�p�o�l�a�r�,� �r�e�s�u�l�t�s� �w�h�e�n� �t�h�e� �p�o�l�y�m�e�r� �i�s� 

�c�o�o�l�e�d� �f�r�o�m� �i�t�s� �m�e�l�t�.� �T�h�e� �p�o�l�a�r� �8� �p�h�a�s�e� �m�a�y� �b�e� �p�r�o�d�u�c�e�d� �b�y� 

�d�e�f�o�r�m�i�n�g� �t�h�e� �a� �c�r�y�s�t�a�l�l�i�t�e�s�.� �T�o� �o�b�t�a�i�n� �s�i�g�n�i�f�i�c�a�n�t� �p�i�e�z�o�e�l�e�c�t�r�i�c�i�t�y�,� 

�P�V�D�F� �m�u�s�t� �b�e� �s�t�r�e�t�c�h�e�d� �t�o� �g�e�t� �t�h�e� �p�o�l�a�r� �B� �p�h�a�s�e� �a�n�d� �t�h�e�n� �p�o�l�e�d� �i�n� �a� 

�h�i�g�h� �s�t�a�t�i�c� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �a�t� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �(�8�0� �t�o� �1�5�0�°�C�)�.� �T�h�e� �l�e�v�e�l� 

�o�f� �p�i�e�z�o�a�c�t�i�v�i�t�y� �d�e�p�e�n�d�s� �o�n� �t�h�e� �a�m�o�u�n�t� �o�f� �s�t�r�e�t�c�h�,� �p�o�l�i�n�g� �t�i�m�e�,� �f�i�e�l�d� 

�S�t�r�e�n�g�t�h� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e�.� 

�2�.�2�.�2� �P�r�o�p�e�r�t�i�e�s� 

�T�h�e� �p�i�e�z�o�e�l�e�c�t�r�i�c� �e�f�f�e�c�t�2�9� �c�a�n� �b�e� �e�x�p�l�a�i�n�e�d� �b�y� �t�h�e� �m�o�d�e�l� �s�h�o�w�n� 

�i�n� �f�i�g�.� �7�.� �I�n� �t�h�i�s� �f�i�g�u�r�e� �t�w�o� �d�i�p�o�l�e�s� �w�i�t�h� �t�h�e�i�r� �r�e�s�p�e�c�t�i�v�e� �p�o�l�a�r�i�t�i�e�s� 

�r�e�p�r�e�s�e�n�t� �t�h�e� �n�e�t� �d�i�p�o�l�e� �w�i�t�h�i�n� �a� �u�n�i�t� �v�o�l�u�m�e� �o�f� �p�i�e�z�o�f�i�l�m�.� �W�h�e�n� �t�h�e� 

�u�n�i�t� �v�o�l�u�m�e� �i�s� �p�l�a�c�e�d� �i�n� �t�e�n�s�i�o�n�,� �t�h�e� �n�e�t� �f�i�l�m� �v�o�l�u�m�e� �i�n�c�r�e�a�s�e�s�,� 

�r�e�s�u�l�t�i�n�g� �i�n� �l�o�w�e�r� �c�h�a�r�g�e� �d�e�n�s�i�t�y� �a�t� �t�h�e� �p�o�s�i�t�i�v�e� �a�n�d� �n�e�g�a�t�i�v�e� 

�e�l�e�c�t�r�o�d�e� �s�u�r�f�a�c�e�s�.� �T�o� �a�c�h�i�e�v�e� �e�l�e�c�t�r�i�c�a�l� �n�e�u�t�r�a�l�i�t�y�,� �e�l�e�c�t�r�o�n�s� �f�l�o�w� �o�u�t� 

�o�f� �t�h�e� �t�o�p� �e�l�e�c�t�r�o�d�e� �a�n�d� �i�n�t�o� �t�h�e� �b�o�t�t�o�m� �e�l�e�c�t�r�o�d�e�.� �T�h�e� �r�e�v�e�r�s�e� 
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�o�c�c�u�r�s� �i�n� �c�o�m�p�r�e�s�s�i�o�n�.� 

�P�i�e�z�o�e�l�e�c�t�r�i�c� �m�a�t�e�r�i�a�l�s� �a�r�e� �a�n�i�s�o�t�r�o�p�i�c�2�9�.�2�!�1�,�.�2�9� �(�f�i�g�.� �8� �s�h�o�w�s� �t�h�e� 

�f�i�l�m�'�s� �a�x�e�s�:� �1� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �l�e�n�g�t�h�,� �2� �t�o� �w�i�d�t�h�,� �a�n�d� �3� �t�o� �t�h�i�c�k�n�e�s�s�)� 

�a�n�d� �a�r�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �t�h�e� �f�o�l�l�o�w�i�n�g� �p�i�e�z�o�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t�s�:� 

�-� �P�i�e�z�o�e�l�e�c�t�r�i�c� �s�t�r�a�i�n� �t�e�n�s�o�r� �d�:� 

�w�h�e�n� �a� �f�i�e�l�d� �i�s� �a�p�p�l�i�e�d� �t�o� �p�i�e�z�o�f�i�l�m�,� �t�h�e� �f�i�l�m� �d�i�m�e�n�s�i�o�n�s� 

�c�h�a�n�g�e� �i�n� �a�l�l� �t�h�r�e�e� �a�x�e�s� �u�n�d�e�r� �s�t�r�e�s�s�-�f�r�e�e� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� 

�d�e�g�r�e�e� �t�o� �w�h�i�c�h� �t�h�e�s�e� �d�i�m�e�n�s�i�o�n�s� �c�h�a�n�g�e� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� 

�a�p�p�l�i�e�d� �f�i�e�l�d� �d�e�p�e�n�d�s� �o�n� �t�h�e� �d� �t�e�n�s�o�r�.� �S�o� �d� �i�s� �t�h�e� �s�t�r�e�s�s�-�f�r�e�e� 

�r�a�t�i�o� �o�f� �d�e�v�e�l�o�p�e�d� �s�t�r�a�i�n� �t�o� �a�p�p�l�i�e�d� �f�i�e�l�d�.� �F�o�r� �e�x�a�m�p�l�e�,� 

�d�a�i� �=� �S�t�r�a�i�n� �d�e�v�e�l�o�p�e�d� �a�l�o�n�g� �1� �a�x�i�s� �,�m�/�m� �m� 
�3�1� �=�"� �F�i�e�l�d� �a�p�p�l�i�e�d� �a�l�o�n�g� �3� �a�x�i�s� �(�V�i�m� �V�v� �)� 
� � 

�-� �P�i�e�z�o�e�l�e�c�t�r�i�c� �s�t�r�e�s�s� �t�e�n�s�o�r� �g�:� 

�T�h�e� �g� �t�e�n�s�o�r� �e�x�p�r�e�s�s�e�s� �t�h�e� �n�e�g�a�t�i�v�e� �o�f� �t�h�e� �e�l�e�c�t�r�i�c� �f�i�e�l�d� 

�d�e�v�e�l�o�p�e�d� �u�n�d�e�r� �o�p�e�n� �c�i�r�c�u�i�t� �c�o�n�d�i�t�i�o�n�s� �b�y� �t�h�e� �f�i�l�m� �r�e�l�a�t�i�v�e� 

�t�o� �t�h�e� �s�t�r�e�s�s� �a�p�p�l�i�e�d� �a�l�o�n�g� �a� �s�p�e�c�i�f�i�c� �a�x�i�s�.� �T�h�u�s� �g� �i�s� �t�h�e� �r�a�t�i�o� 

�o�f� �t�h�e� �n�e�g�a�t�i�v�e� �o�f� �t�h�e� �i�n�d�u�c�e�d� �f�i�e�l�d� �t�o� �a�p�p�l�i�e�d� �s�t�r�e�s�s�.� 

�F�i�e�l�d� �d�e�v�e�l�o�p�e�d� �a�l�o�n�g� �3� �a�x�i�s� �|� �V�/�m� �V�m� 
�'� �S�t�r�e�s�s� �a�p�p�l�i�e�d� �a�l�o�n�g� �1� �a�x�i�s� �C�N�y�m�2� �=�?� 
� � 

�£�3�1� �=� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �1�9



�S�t�r�e�t�c�h� 
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�-� �E�l�e�c�t�r�o�m�e�c�h�a�n�i�c�a�l� �C�o�u�p�l�i�n�g� �F�a�c�t�o�r� �k�:� 

�C�o�u�p�l�i�n�g� �i�s� �a�n� �e�x�p�r�e�s�s�i�o�n� �f�o�r� �t�h�e� �a�b�i�l�i�t�y� �o�f� �a� �p�i�e�z�o�e�l�e�c�t�r�i�c� �f�i�l�m� 

�t�o� �e�x�c�h�a�n�g�e� �e�l�e�c�t�r�i�c�a�l� �e�n�e�r�g�y� �t�o� �m�e�c�h�a�n�i�c�a�l� �e�n�e�r�g�y� �a�n�d� �v�i�c�e� 

�v�e�r�s�a�.� �F�o�r� �i�n�s�t�a�n�c�e�:� 

�k�2�3� �1� �i�s� �t�h�e� �t�r�a�n�s�f�o�r�m�e�d� �e�l�e�c�t�r�i�c�a�l� �e�n�e�r�g�y� �c�a�u�s�i�n�g� 

�m�e�c�h�a�n�i�c�a�l� �s�t�r�a�i�n� �i�n� �t�h�e� �1� �d�i�r�e�c�t�i�o�n� �d�i�v�i�d�e�d� �b�y� �e�l�e�c�t�r�i�c�a�l� 

�e�n�e�r�g�y� �i�n�p�u�t� �i�n� �t�h�e� �3� �d�i�r�e�c�t�i�o�n�.� 

�k�2�3�1� �i�s� �a�l�s�o� �t�h�e� �t�r�a�n�s�f�o�r�m�e�d� �m�e�c�h�a�n�i�c�a�l� �e�n�e�r�g�y� �c�a�u�s�i�n�g� 

�e�l�e�c�t�r�i�c�a�l� �c�h�a�r�g�e� �t�o� �f�l�o�w� �b�e�t�w�e�e�n� �c�o�n�n�e�c�t�e�d� �e�l�e�c�t�r�o�d�e�s� �i�n� �t�h�e� 

�3� �d�i�r�e�c�t�i�o�n� �d�i�v�i�d�e�d� �b�y� �m�e�c�h�a�n�i�c�a�l� �e�n�e�r�g�y� �i�n�p�u�t� �t�h�r�o�u�g�h� �t�h�e� 

�a�p�p�l�i�c�a�t�i�o�n� �o�f� �s�t�r�e�s�s� �i�n� �t�h�e� �1� �d�i�r�e�c�t�i�o�n�.� 

�A�c�c�o�r�d�i�n�g� �t�o� �t�a�b�l�e� �1�,� �o�n�e� �m�i�g�h�t� �t�h�i�n�k� �t�h�a�t� �P�V�D�F� �w�o�u�l�d� �b�e� 

�i�n�a�d�e�q�u�a�t�e� �f�o�r� �N�D�E� �a�p�p�l�i�c�a�t�i�o�n�s� �b�e�c�a�u�s�e� �o�f� �i�t�s� �l�o�w� �d�-�c�o�n�s�t�a�n�t�s�.� 

�A�l�t�h�o�u�g�h� �P�V�D�F� �h�a�s� �a�l�m�o�s�t� �a�n� �o�r�d�e�r�-�o�f�-�m�a�g�n�i�t�u�d�e� �l�o�w�e�r� �d�-�c�o�n�s�t�a�n�t�s� 

�t�h�a�n� �P�Z�T�,� �t�h�e� �m�a�x�i�m�u�m� �f�i�e�l�d� �s�t�r�e�n�g�t�h� �t�h�a�t� �c�a�n� �b�e� �a�p�p�l�i�e�d� �t�o� �t�h�e� 

�p�o�l�y�m�e�r� �i�s� �a�b�o�u�t� �1�0�0� �t�i�m�e�s� �g�r�e�a�t�e�r�.� �T�h�e�r�e�f�o�r�e� �t�h�e� �m�a�x�i�m�u�m� �s�t�r�a�i�n� 

�a�c�h�i�e�v�a�b�l�e� �w�i�t�h� �P�V�D�F� �t�r�a�n�s�d�u�c�e�r�s� �i�s� �1�0� �t�i�m�e�s� �l�a�r�g�e�r� �t�h�a�n� �f�o�r� 

�c�e�r�a�m�i�c�s�.� �F�u�r�t�h�e�r�m�o�r�e� �b�e�c�a�u�s�e� �o�f� �t�h�e� �s�m�a�l�l� �d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t� �o�f� 

�P�V�D�F�,� �i�t�s� �g�-�c�o�n�s�t�a�n�t�s� �a�r�e� �h�i�g�h� �a�n�d� �t�h�e� �e�l�e�c�t�r�o�m�e�c�h�a�n�i�c�a�l� �c�o�u�p�l�i�n�g� 

�f�a�c�t�o�r�s� �k�3�1� �a�n�d� �k�3�3� �r�e�a�c�h� �v�a�l�u�e�s� �o�f� �1�2� �a�n�d� �2�0� �%�.� �A�l�t�h�o�u�g�h� �k�3�1� �a�n�d� 

�k�3�3� �a�r�e� �l�o�w� �c�o�m�p�a�r�e�d� �t�o� �c�e�r�a�m�i�c� �t�r�a�n�s�d�u�c�e�r�s�,� �p�i�e�z�o� �f�i�l�m� �c�a�n� �b�e� �u�s�e�d� 

�a�t� �m�u�c�h� �h�i�g�h�e�r� �e�l�e�c�t�r�i�c� �f�i�e�l�d�s� �t�h�a�n� �c�e�r�a�m�i�c�s�.� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �2� �1



�T�a�b�l�e� �1�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �t�y�p�i�c�a�l� �p�i�e�z�o�e�l�e�c�t�r�i�c� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s�!�3�-�1�5�.� 
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�P�r�o�p�e�r�t�y� �U�n�i�t� �P�V�D�F� �P�Z�T� �B�a�T�i�O�3� 

�D�e�n�s�i�t�y� �g�/�c�m�?�>� �1�.�7�8� �7�.�7�5� �5�.�7� 

�D�i�e�l�e�c�t�r�i�c� �C�o�n�s�t�a�n�t� �E�/�e�O� �1�2� �1�7�0�0� �1�7�0�0� 

�S�o�u�n�d� �v�e�l�o�c�i�t�y� �m�/�s� �2�2�0�0� �3�7�8�0� �5�0�0�0� 

�d�3� �1� �1�0�-�1�2�c�/�N�_� �[�2�3� �1�2�0� �7�8� 

�d�3� �3� �1�0�-�1�2�c�/�N�_�_�|�3�0� �3�7�5� �1�9�0� 

�g�3�1� �1�0�-�3�m�V�/�N� �|�2�1�6� �1�0� �5� 

�£�3�3� �1�0�-�3�m�V�/�N�_� �{�3�0�0� �2�5� �1�3� 

�k�3�1� �%� �1�2� �3�0� �2�1� 

�k�3� �3� �%� �2�0� �5�0� �2�1� 

�A�c�o�u�s�t�i�c� �i�m�p�e�d�a�n�c�e� �|�1�0�9�k�g�/�m�2�s� �|�2�.�7� �3�0� �3�0� � � � � � � � � � � � � 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �2�2



�T�h�e� �o�t�h�e�r� �a�d�v�a�n�t�a�g�e�s� �o�f� �p�i�e�z�o�e�l�e�c�t�r�i�c� �P�V�D�F� �a�r�e� �a�s� �f�o�l�l�o�w�s�:� 

�f�l�e�x�i�b�i�l�i�t�y�:� �i�t� �w�i�t�h�s�t�a�n�d�s� �m�e�c�h�a�n�i�c�a�l� �s�h�o�c�k�s�.� 

�s�m�a�l�l� �d�e�n�s�i�t�y� �a�n�d� �t�h�i�c�k�n�e�s�s� �m�a�k�e�s� �P�V�D�F� �s�e�n�s�o�r�s� �l�i�g�h�t�w�e�i�g�h�t�.� 

�-� �e�a�s�e� �o�f� �p�r�o�c�e�s�s�i�n�g�:� �i�t� �i�s� �a�v�a�i�l�a�b�l�e� �i�n� �a� �w�i�d�e� �v�a�r�i�e�t�y� �o�f� 

�t�h�i�c�k�n�e�s�s�e�s� �a�n�d� �h�a�s� �a�l�m�o�s�t� �n�o� �l�i�m�i�t�a�t�i�o�n� �o�n� �s�i�z�e� �o�r� �c�u�r�v�a�t�u�r�e�.� 

�-� �w�i�d�e� �f�r�e�q�u�e�n�c�y� �r�a�n�g�e�:� �0� �t�o� �1�0�9� �H�z�.� 

�-� �l�o�w� �a�c�o�u�s�t�i�c� �i�m�p�e�d�a�n�c�e�:� �i�t� �o�f�f�e�r�s� �g�o�o�d� �a�c�o�u�s�t�i�c� �m�a�t�c�h�i�n�g� �t�o� 

�w�a�t�e�r�,� �b�o�d�y� �t�i�s�s�u�e�s�,� �c�o�m�p�o�s�i�t�e�s�,� �a�n�d� �p�o�l�y�m�e�r�s� �(�s�e�e� �t�a�b�l�e� �2�)�.� 

�-� �h�i�g�h� �b�r�e�a�k�-�d�o�w�n� �s�t�r�e�n�g�t�h�:� �i�t� �w�i�t�h�s�t�a�n�d�s� �h�i�g�h� �i�n�p�u�t� �p�o�w�e�r�.� 

�-� �h�i�g�h� �s�t�a�b�i�l�i�t�y�:� �i�t� �r�e�s�i�s�t�s� �m�o�i�s�t�u�r�e� �a�n�d� �m�o�s�t� �c�h�e�m�i�c�a�l�s�.� 

�-� �m�o�d�e�r�a�t�e�l�y� �l�o�w� �r�a�w� �m�a�t�e�r�i�a�l� �a�n�d� �f�a�b�r�i�c�a�t�i�o�n� �c�o�s�t�s�.� 

�A�m�o�n�g� �t�h�e� �d�r�a�w�b�a�c�k�s� �o�f� �P�V�D�F� �a�r�e� �i�t�s� �r�e�l�a�t�i�v�e�l�y� �p�o�o�r� �e�l�e�c�t�r�i�c�a�l� 

�S�t�a�b�i�l�i�t�y� �w�h�i�c�h� �i�s�,� �i�n� �p�a�r�t�,� �d�u�e� �t�o� �m�e�c�h�a�n�i�c�a�l� �r�e�l�a�x�a�t�i�o�n�.� �T�h�i�s� �m�a�k�e�s� 

�l�o�n�g�-�t�e�r�m� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �w�e�a�k� �s�i�g�n�a�l� �s�o�m�e�w�h�a�t� �p�r�o�b�l�e�m�a�t�i�c�.� �A�l�s�o� 

�t�h�e� �s�e�r�v�i�c�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �P�V�D�F� �i�s� �l�i�m�i�t�e�d� �t�o� �a�b�o�u�t� �8�0�°�C�.� �M�o�r�e�o�v�e�r� 

�e�x�p�o�s�e�d� �e�l�e�c�t�r�o�d�e�s� �a�r�e� �s�e�n�s�i�t�i�v�e� �t�o� �e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �r�a�d�i�a�t�i�o�n� �(�w�h�i�c�h� 

�c�o�u�l�d� �b�e� �o�v�e�r�c�o�m�e� �b�y� �s�h�i�e�l�d�i�n�g� �t�h�e� �s�e�n�s�o�r�s�)�3�9� �a�s� �w�e�l�l� �a�s� �m�o�i�s�t�u�r�e� 

�(�w�h�i�c�h� �c�o�u�l�d� �b�e� �s�o�l�v�e�d� �b�y� �u�s�i�n�g� �g�o�l�d� �e�l�e�c�t�r�o�d�e�s�)�3�!�.� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �2�3



�T�a�b�l�e� �2�.� �A�c�o�u�s�t�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �c�o�m�m�o�n� �m�a�t�e�r�i�a�l�s�2�9�.� 
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�M�a�t�e�r�i�a�l� �L�o�n�g�i�t�u�d�i�n�a�l� �A�c�o�u�s�t�i�c� �i�m�p�e�d�a�n�c�e� 

�v�e�l�o�c�i�t�y� �(�m�/�s�)� �(�M�R�a�y�l�s�)� 

�M�E�T�A�L� 

�A�l�u�m�i�n�i�u�m� �6�3�0�0� �1�7� 

�S�t�e�e�l� �5�8�0�0� �4�5� 

�P�O�L�Y�M�E�R� 

�P�l�e�x�i�g�l�a�s� �2�7�0�0� �3�.�2� 

�E�p�o�x�y� �2�5�0�0� �3� 

�S�i�l�i�c�o�n�e� �9�4�0� �1�.�4� 

�P�o�l�y�u�r�e�t�h�a�n�e� �-� �1�.�9� 

�C�O�M�P�O�S�I�T�E� �M�A�T�E�R�I�A�L�S� 

�F�i�b�e�r�g�l�a�s� �3�1�0�0� �6� 

�G�r�a�p�h�i�t�e�/�e�p�o�x�y� �3�0�0�0� �4�.�6� 

�B�o�r�o�n�/�e�p�o�x�y� �3�3�0�0� �6�.�4� 

�L�I�Q�U�I�D�S� 

�W� �a�t�e�r� �1�5�0�0� �1�.�5� 

�G�A�S�E�S� 

�a�i�r� �3�3�0� �0�.�0�0�0�4� 

�P�I�E�Z�O�.� �M�A�T�E�R�I�A�L�S� 

�P�V�D�F� �2�2�0�0� �2�.�7� 

�C�e�r�a�m�i�c� �3�2�0�0� �2�4� � � � � � � � � 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �2�4



�3�.�0� �P�V�D�F� �T�R�A�N�S�D�U�C�E�R� �D�E�S�I�G�N� 

�T�h�e� �K�y�n�a�r�®� �P�V�D�F� �f�i�l�m�s� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �P�e�n�n�w�a�l�t� 

�C�o�r�p�o�r�a�t�i�o�n� �(�c�u�r�r�e�n�t�l�y� �A�t�o�c�h�e�m� �N�o�r�t�h� �A�m�e�r�i�c�a�)� �i�n� �s�t�r�e�t�c�h�e�d�,� �p�o�l�e�d� 

�a�n�d� �e�l�e�c�t�r�o�d�e�d� �f�o�r�m�.� �T�h�e�y� �a�r�e� �a�v�a�i�l�a�b�l�e� �i�n� �d�i�f�f�e�r�e�n�t� �t�h�i�c�k�n�e�s�s�e�s� �a�n�d� 

�a�r�e� �c�o�a�t�e�d� �o�n� �b�o�t�h� �s�i�d�e�s� �w�i�t�h� �c�o�n�d�u�c�t�i�v�e� �m�e�t�a�l�s� �t�o� �p�r�o�v�i�d�e� �i�n�t�i�m�a�t�e� 

�e�l�e�c�t�r�i�c�a�l� �c�o�n�t�a�c�t�.� �T�h�e� �m�e�t�a�l�l�i�c� �l�a�y�e�r�s� �a�r�e� �v�a�c�u�u�m� �d�e�p�o�s�i�t�e�d� �a�n�d� �c�a�n� 

�i�n�c�l�u�d�e� �t�h�e� �f�o�l�l�o�w�i�n�g� �m�e�t�a�l�s�:� �c�o�p�p�e�r�,� �s�i�l�v�e�r�,� �n�i�c�k�e�l�,� �a�l�u�m�i�n�i�u�m�,� 

�c�h�r�o�m�i�u�m�,� �a�n�d� �g�o�l�d� 

�T�h�e� �P�V�D�F� �f�i�l�m� �u�s�e�d� �i�n� �o�u�r� �e�x�p�e�r�i�m�e�n�t�s� �w�a�s� �5�2� �u�m� �t�h�i�c�k� �a�n�d� 

�c�o�a�t�e�d� �w�i�t�h� �a� �2�0�0�-�4�0�0� �A� �t�h�i�c�k� �c�o�p�p�e�r�-�n�i�c�k�e�l� �a�l�l�o�y�.� 

�3�.�1� �E�l�e�c�t�r�o�d�e� �p�a�t�t�e�r�n� 

�P�a�t�t�e�r�n�s� �m�u�s�t� �b�e� �e�t�c�h�e�d� �s�o� �t�h�a�t� �e�l�e�c�t�r�i�c�a�l� �l�e�a�d�s� �c�a�n� �b�e� �a�t�t�a�c�h�e�d� 

�t�o� �t�h�e� �a�c�t�i�v�e� �p�a�r�t� �o�f� �t�h�e� �s�e�n�s�o�r�s�.� �A�s� �_� �s�p�e�c�i�f�i�e�d� �i�n� �P�e�n�n�w�a�l�t�'�s� 

�a�p�p�l�i�c�a�t�i�o�n� �n�o�t�e�3�2�,� �t�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �w�a�y�s� �t�o� �e�t�c�h� �o�f�f� �t�h�e� �m�e�t�a�l�l�i�c� 

�l�a�y�e�r� �t�o� �a�c�h�i�e�v�e� �t�h�e� �d�e�s�i�r�e�d� �e�l�e�c�t�r�o�d�e� �p�a�t�t�e�r�n�:� 

�O�P�T�I�O�N� �1�:� 

�P�V�D�F� �T�R�A�N�S�D�U�C�E�R� �D�E�S�I�G�N� �2�5



�h�a�n�d� �p�a�i�n�t� �d�e�s�i�r�e�d� �p�a�t�t�e�r�n�,� �w�i�t�h� �b�r�u�s�h� �a�n�d� �e�n�a�m�e�l� �p�a�i�n�t� �o�r� 

�i�n�d�e�l�i�b�l�e� �m�a�r�k�e�r�.� 

�a�l�l�o�w� �t�o� �d�r�y�.� 

�d�o� �t�h�e� �s�a�m�e� �o�n� �t�h�e� �o�t�h�e�r� �s�i�d�e�.� 

�d�i�p� �m�a�r�k�e�d� �f�i�l�m� �i�n� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n� �o�f� �F�e�C�l�3�.� 

�r�i�n�s�e� �w�i�t�h� �w�a�t�e�r�.� 

�t�o� �r�e�m�o�v�e� �p�a�i�n�t�,� �u�s�e� �t�o�l�u�e�n�e� �o�r� �l�a�c�q�u�e�r� �t�h�i�n�n�e�r�.� 

�O�P�T�I�O�N� �2�:� 

�s�i�l�k� �s�c�r�e�e�n� �p�a�t�t�e�r�n� �o�n� �f�i�l�m� �-� �w�i�t�h� �i�n�k� �d�e�s�i�g�n�e�d� �f�o�r� �v�i�n�y�l�s� �-� 

�s�u�c�h� �a�s� �i�s� �t�y�p�i�c�a�l�l�y� �a�v�a�i�l�a�b�l�e� �f�o�r� �d�e�c�a�l�s�.� 

�c�o�n�t�i�n�u�e� �a�s� �a�b�o�v�e� �a�n�d� �u�s�e� �l�a�c�q�u�e�r� �t�h�i�n�n�e�r� �t�o� �r�e�m�o�v�e� �i�n�k�.� 

�O�P�T�I�O�N� �3�:� �p�h�o�t�o� �e�t�c�h�i�n�g� 

�p�r�e�c�u�r�e� �p�h�o�t�o� �r�e�s�i�s�t� �s�o�l�u�t�i�o�n� �c�a�l�l�e�d� �p�h�o�t�o�p�o�s�i�t�.� 

�c�o�a�t� �f�i�l�m� �w�i�t�h� �t�h�e� �e�m�u�l�s�i�o�n�.� 

�m�a�k�e� �p�o�s�i�t�i�v�e� �a�r�t�w�o�r�k� �o�n� �t�r�a�n�s�p�a�r�e�n�t� �s�u�b�s�t�r�a�t�e� �s�u�c�h� �a�s� �w�i�t�h� 

�R�u�b�y�l�i�t�h� �o�r� �P�h�o�t�o�g�r�a�p�h�i�c� �R�e�p�r�o�d�u�c�t�i�o�n� �A�r�t�w�o�r�k�.� 

�e�x�p�o�s�e� �b�o�t�h� �s�i�d�e�s� �o�f� �f�i�l�m� �t�h�r�o�u�g�h� �a�r�t�w�o�r�k� �t�o� �u�l�t�r�a�v�i�o�l�e�t� �l�i�g�h�t�.� 

�d�e�v�e�l�o�p� �f�i�l�m�,� �b�y� �d�i�p�p�i�n�g� �i�n� �d�e�v�e�l�o�p�i�n�g� �a�g�e�n�t�,� �s�u�c�h� �a�s� �w�i�t�h� �P�C� 

�b�o�a�r�d� �d�e�v�e�l�o�p�e�r�.� 

�e�t�c�h� �i�n� �F�e�C�l�3�.� 

�R�i�n�s�e� �w�i�t�h� �l�a�c�q�u�e�r� �t�h�i�n�n�e�r� �t�o� �r�e�m�o�v�e� �p�h�o�t�o� �r�e�s�i�s�t�.� 
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�T�h�e� �e�l�e�c�t�r�o�d�e� �p�a�t�t�e�r�n� �o�f� �o�u�r� �s�e�n�s�o�r�s� �a�r�e� �p�r�e�p�a�r�e�d� �d�i�f�f�e�r�e�n�t�l�y�.� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �m�e�t�h�o�d� �h�a�s� �t�h�e� �a�d�v�a�n�t�a�g�e� �o�f� �b�e�i�n�g� �s�i�m�p�l�e� �a�n�d� �q�u�i�c�k�.� 

�A�l�t�h�o�u�g�h� �t�h�i�s� �m�e�t�h�o�d� �c�a�n�n�o�t� �p�r�o�d�u�c�e� �a�s� �i�n�t�r�i�c�a�t�e� �p�a�t�t�e�r�n�s� �a�s� �t�h�e� 

�p�h�o�t�o�e�t�c�h�i�n�g� �m�e�t�h�o�d�,� �i�t� �c�a�n� �p�r�o�d�u�c�e� �0�.�7�5� �m�m� �o�r� �w�i�d�e�r� �s�e�n�s�o�r�s� �(�s�e�e� 

�f�i�g�.� �9�)�.� 

�-� �p�u�t� �b�o�r�d�e�r� �t�a�p�e� �(�L�e�t�r�a�l�i�n�e�)� �o�n� �t�h�e� �d�e�s�i�r�e�d� �p�a�t�t�e�r�n� �o�n� �b�o�t�h� 

�m�e�t�a�l�l�i�c� �l�a�y�e�r�s�.� 

�-� �d�i�p� �m�a�r�k�e�d� �f�i�l�m� �i�n� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n� �(�9�5�%� �o�f� �w�a�t�e�r�)� �o�f� �F�e�C�l�3� 

�(�e�t�c�h�a�n�t� �m�a�d�e� �b�y� �A�r�c�h�e�r�)� �e�n�o�u�g�h� �t�i�m�e� �t�o� �a�l�l�o�w� �F�e�C�l�3� �t�o� 

�r�e�m�o�v�e� �t�h�e� �m�e�t�a�l�l�i�c� �l�a�y�e�r� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �2� �s�e�c�o�n�d�s�)�.� 

�-� �r�i�n�s�e� �i�m�m�e�d�i�a�t�l�y� �w�i�t�h� �w�a�t�e�r� �f�o�r� �5� �s�e�c�o�n�d�s�.� 

�-� �d�r�y� �t�h�e� �f�i�l�m� �w�i�t�h� �p�a�p�e�r� �n�a�p�k�i�n�.� 

�-� �r�e�m�o�v�e� �s�l�o�w�l�y� �t�h�e� �b�o�r�d�e�r� �t�a�p�e� �t�o� �a�v�o�i�d� �d�a�m�a�g�i�n�g� �t�h�e� �m�e�t�a�l�l�i�c� 

�l�a�y�e�r�.� 

�O�n�e� �i�m�p�o�r�t�a�n�t� �p�r�e�c�a�u�t�i�o�n� �i�s� �t�h�a�t� �P�V�D�F� �f�i�l�m� �m�u�s�t� �n�e�v�e�r� �b�e� 

�t�o�u�c�h�e�d� �b�y� �b�a�r�e� �h�a�n�d�s� �(�u�s�e� �l�a�t�e�x� �g�l�o�v�e�s�)�.� �T�h�e� �s�w�e�a�t� �i�n� �t�h�e� �s�k�i�n� �c�a�n� 

�a�f�f�e�c�t� �t�h�e� �m�e�t�a�l�l�i�c� �l�a�y�e�r�.� 

�3�.�2� �E�l�e�c�t�r�i�c�a�l� �l�e�a�d� �a�t�t�a�c�h�e�m�e�n�t� 

�P�e�n�n�w�a�l�t�'�s� �a�p�p�l�i�c�a�t�i�o�n� �n�o�t�e� �n�u�m�b�e�r� �2�0�3�3� �s�h�o�w�s� �s�e�v�e�r�a�l� �l�e�a�d�-� 

�a�t�t�a�c�h� �m�e�t�h�o�d�s� �w�h�i�c�h� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �a�s� �f�o�l�l�o�w�s�:� 
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�F�i�g�u�r�e� �9�.� �D�i�f�f�e�r�e�n�t� �s�t�e�p�s� �t�o� �o�b�t�a�i�n� �t�h�e� �d�e�s�i�r�e�d� �s�e�n�s�o�r�.� 
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�A�.� �P�e�n�e�t�r�a�t�i�v�e� �m�e�t�h�o�d�s�:� 

�-� �"�P�O�P�"� �o�r� �"�b�l�i�n�d�"� �r�i�v�e�t�s�.� 

�-� �n�u�t�s� �a�n�d� �b�o�l�t�s�.� 

�-� �e�y�e�l�e�t�s�.� 

�-� �c�r�i�m�p� �c�o�n�n�e�c�t�o�r�s�.� 

�B�.� �N�o�n�-�p�e�n�e�t�r�a�t�i�v�e� �m�e�t�h�o�d�s�:� 

�~� �c�o�n�d�u�c�t�i�v�e�-�a�d�h�e�s�i�v�e� �c�o�a�t�e�d� �c�o�p�p�e�r� �f�o�i�l� �t�a�p�e� �(�e�.�g�.� �3�M� �#�1�1�8�1�)�.� 

�-� �c�o�n�d�u�c�t�i�v�e� �t�r�a�n�s�f�e�r� �t�a�p�e� �(�e�.�g�.� �3�M� �#�9�7�0�2�)� 

�-� �c�o�n�d�u�c�t�i�v�e� �e�p�o�x�y�.� 

�-� �l�o�w� �m�e�l�t�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �a�l�l�o�y�.� 

�-� �"�z�e�b�r�a�"� �c�o�n�n�e�c�t�o�r�s�:� �c�o�n�d�u�c�t�i�v�e� �r�u�b�b�e�r� �s�p�l�i�c�e�d� �w�i�t�h� �i�n�s�u�l�a�t�i�n�g� 

�r�u�b�b�e�r� �a�s� �u�s�e�d� �t�o� �f�o�r�m� �c�o�n�t�a�c�t�s� �t�o� �L�C�D� �d�i�s�p�l�a�y�s�.� 

�-� �m�e�c�h�a�n�i�c�a�l� �c�l�a�m�p�i�n�g� �(�a�l�l�i�g�a�t�o�r� �c�l�i�p�s�.�.�.�)� 

�O�u�r� �s�e�n�s�o�r�s� �w�e�r�e� �c�o�n�n�e�c�t�e�d� �t�o� �e�l�e�c�t�r�i�c�a�l� �l�e�a�d�s� �b�y� �u�s�i�n�g� �c�o�p�p�e�r� 

�f�o�i�l� �t�a�p�e� �(�3�M� �#�5�0�1�2� �A�B�)� �o�r� �c�o�p�p�e�r� �f�o�i�l� �t�a�p�e� �w�i�t�h� �c�o�n�d�u�c�t�i�v�e� �e�p�o�x�y� 

�(�T�R�A�-�C�O�N� �#�B�A�-�2�9�1�6�)� �f�o�r� �e�x�p�e�r�i�m�e�n�t�s� �d�e�a�l�i�n�g� �w�i�t�h� �d�e�t�e�c�t�i�o�n� �o�f� 

�w�a�t�e�r� �i�n�s�i�d�e� �t�h�e� �b�o�n�d�.� �W�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �c�o�p�p�e�r� �f�o�i�l� �t�a�p�e� 

�c�o�n�n�e�c�t�i�o�n�,� �t�h�e� �l�a�t�t�e�r� �s�e�e�m�s� �t�o� �b�e� �l�e�s�s� �s�e�n�s�i�t�i�v�e� �t�o� �m�o�i�s�t�u�r�e�.� 

�A�s� �r�e�c�o�m�m�e�n�d�e�d� �b�y� �P�e�n�n�w�a�l�t�3�3�,� �a� �"�r�e�a�s�o�n�a�b�l�e�"� �a�r�e�a� �(�4�0� �m�m�2�)� 

�o�f� �t�a�p�e� �w�a�s� �u�s�e�d� �i�n� �o�r�d�e�r� �t�o� �h�a�v�e� �a� �g�o�o�d� �e�l�e�c�t�r�i�c�a�l� �c�o�n�t�a�c�t� �b�e�t�w�e�e�n� 

�t�h�e� �m�e�t�a�l�l�i�c� �l�a�y�e�r� �a�n�d� �t�h�e� �t�a�p�e� �(�f�i�g�.� �1�0�)�.� �T�h�e� �o�b�t�a�i�n�e�d� �s�e�n�s�o�r�s� �w�e�r�e� 

�t�h�e�n� �c�o�n�n�e�c�t�e�d� �t�o� �e�l�e�c�t�r�i�c�a�l� �d�e�v�i�c�e�s� �b�y� �a�l�l�i�g�a�t�o�r� �c�l�i�p�s�.� 
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�F�i�g�u�r�e� �1�0�.� �S�e�n�s�o�r� �d�e�s�i�g�n� �f�o�r� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �c�o�n�n�e�c�t�i�o�n� �(�n�o�t� �t�o� �s�c�a�l�e�)�.� 
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�3�.�3� �S�e�n�s�o�r� �d�e�s�i�g�n� 

�3�.�3�.�1� �S�i�z�e� �o�f� �t�h�e� �a�c�t�i�v�e� �a�r�e�a� 

�A� �1�2�.�5� �X� �1�2�.�5� �m�m� �P�V�D�F� �s�e�n�s�o�r� �h�a�s� �b�e�e�n� �b�o�n�d�e�d� �t�o� �a� �8� �m�m� 

�t�h�i�c�k� �p�i�e�c�e� �o�f� �p�l�e�x�i�g�l�a�s�.� �I�t�s� �p�u�l�s�e�-�e�c�h�o� �s�i�g�n�a�l� �h�a�s� �b�e�e�n� �t�a�k�e�n� �b�y� �a� 

�d�a�t�a� �a�c�q�u�i�s�i�t�i�o�n� �s�y�s�t�e�m� �s�h�o�w�n� �i�n� �f�i�g�.� �2�3� �a�f�t�e�r� �e�a�c�h� �d�e�c�r�e�a�s�e� �o�f� �i�t�s� 

�a�c�t�i�v�e� �a�r�e�a�.� �T�h�i�s� �h�a�s� �b�e�e�n� �d�o�n�e� �b�y� �r�e�m�o�v�i�n�g� �p�a�r�t� �o�f� �t�h�e� �m�e�t�a�l�l�i�c� 

�l�a�y�e�r� �w�i�t�h� �a� �s�o�l�u�t�i�o�n� �o�f� �F�e�C�l�3�.� �T�h�e� �r�e�s�u�l�t�s� �s�h�o�w� �t�h�a�t� �t�h�e� �a�m�p�l�i�t�u�d�e� �o�f� 

�t�h�e� �p�u�l�s�e�-�e�c�h�o� �s�i�g�n�a�l� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �s�e�n�s�o�r� �(�f�i�g�.� 

�1�1�)�.� �T�h�e� �s�i�z�e� �o�f� �a� �s�e�n�s�o�r� �i�s� �i�n�f�l�u�e�n�c�e�d� �b�y� �t�h�r�e�e� �f�a�c�t�o�r�s�:� 

�-� �m�e�d�i�u�m�:� �T�h�e� �a�t�t�e�n�u�a�t�i�o�n� �o�f� �a� �s�i�g�n�a�l� �i�s� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �o�n�e� 

�m�e�d�i�u�m� �t�o� �a�n�o�t�h�e�r�.� �F�o�r� �i�n�s�t�a�n�c�e�,� �p�l�e�x�i�g�l�a�s� �a�t�t�e�n�u�a�t�e�s� �u�l�t�r�a�s�o�n�i�c� 

�s�i�g�n�a�l�s� �m�o�r�e� �s�e�v�e�r�l�y� �t�h�a�n� �m�e�t�a�l�.� �T�h�e�r�e�f�o�r�e�,� �a� �l�a�r�g�e�r� �s�i�z�e� �s�e�n�s�o�r� �w�i�l�l� 

�b�e� �n�e�e�d�e�d� �f�o�r� �p�l�e�x�i�g�l�a�s�.� 

�-� �p�a�t�h� �o�f� �t�h�e� �s�i�g�n�a�l�:� �S�i�g�n�a�l�s� �w�i�l�l� �b�e� �m�o�r�e� �a�t�t�e�n�u�a�t�e�d� �b�y� �a� �l�o�n�g� 

�p�a�t�h� �t�h�a�n� �a� �s�h�o�r�t� �o�n�e�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �s�e�n�s�o�r� �w�i�l�l� �d�e�p�e�n�d� 

�o�n� �t�h�e� �p�a�t�h� �o�f� �t�h�e� �s�i�g�n�a�l� �b�e�i�n�g� �s�t�u�d�i�e�d�.� 

�F�o�r� �i�n�s�t�a�n�c�e�,� �t�h�e� �m�i�n�i�m�u�m� �s�i�z�e� �o�f� �P�V�D�F� �s�e�n�s�o�r�s� �t�r�a�v�e�l�i�n�g� 

�t�h�r�o�u�g�h� �a� �1�4� �m�m� �t�h�i�c�k� �p�i�e�c�e� �o�f� �p�l�e�x�i�g�l�a�s� �h�a�s� �b�e�e�n� �f�o�u�n�d� �t�o� �b�e� �1�.�6� �X� 

�1�.�6� �m�m�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �a� �0�.�8� �m�m� �t�h�i�c�k� �g�r�a�p�h�i�t�e� �e�p�o�x�y� �(�A�S�4�/�J�2�)�,� �t�h�e� 

�m�i�n�i�m�u�m� �s�i�z�e� �o�f� �P�V�D�F� �s�e�n�s�o�r�s� �h�a�d� �t�h�e� �d�i�m�e�n�s�i�o�n�s�:� �3�m�m� �X� �3�m�m�.� 

�-� �p�u�r�p�o�s�e� �o�f� �t�h�e� �s�t�u�d�y�:� �i�f� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �a� �c�r�a�c�k� �i�s� �t�o� �b�e� 

�d�e�t�e�c�t�e�d� �t�h�e�n� �o�n�e� �n�e�e�d�s� �a�n� �a�r�r�a�y� �m�a�d�e� �w�i�t�h� �s�m�a�l�l� �s�e�n�s�o�r�s�.� �I�f� �t�h�e� 

�o�p�e�r�a�t�o�r� �w�a�n�t�s� �j�u�s�t� �t�o� �d�e�t�e�c�t� �c�r�a�c�k�s� �i�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �a�n�d� �d�o�e�s� �n�o�t� 
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�t�h�e� �s�i�g�n�a�l�.� �F�i�g�u�r�e� �1�1�.� �I�n�f�l�u�e�n�c�e� �o�f� �s�e�n�s�o�r�'�s� �s�i�z�e� �o�n� �t�h�e� �a�m�p�l�i�t�u�d�e� �o�f� 
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�c�a�r�e� �a�b�o�u�t� �t�h�e�i�r� �s�p�e�c�i�f�i�c� �l�o�c�a�t�i�o�n�s� �t�h�e�n� �o�n�e� �c�a�n� �u�s�e� �a� �b�i�g� �s�e�n�s�o�r� 

�c�o�v�e�r�i�n�g� �t�h�e� �w�h�o�l�e� �s�u�r�f�a�c�e� �s�t�u�d�i�e�d�.� 

�3�.�3�.�2� �S�h�a�p�e� �o�f� �t�h�e� �s�e�n�s�o�r� 

�T�h�e� �s�h�a�p�e� �o�f� �t�h�e� �s�e�n�s�o�r� �d�e�p�e�n�d�s� �o�n� �t�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�e� �s�t�u�d�y�.� 

�I�f� �t�h�e� �s�i�z�e� �o�f� �a� �s�e�n�s�o�r� �i�s� �r�e�s�t�r�i�c�t�e�d� �i�n� �o�n�l�y� �o�n�e� �d�i�r�e�c�t�i�o�n� �t�h�e�n� �i�t�s� 

�s�u�r�f�a�c�e� �c�a�n� �b�e� �e�x�t�e�n�d�e�d� �i�n� �t�h�e� �o�t�h�e�r� �d�i�r�e�c�t�i�o�n� �t�o� �g�e�t� �a� �b�e�t�t�e�r� �s�i�g�n�a�l�.� 

�F�o�r� �e�x�a�m�p�l�e�,� �i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �t�o� �d�e�t�e�c�t� �t�h�e� �i�n�g�r�e�s�s�i�o�n� �o�f� �w�a�t�e�r� 

�(�a�p�p�e�n�d�i�x� �A�)�,� �l�o�n�g� �P�V�D�F� �s�e�n�s�o�r�s� �w�e�r�e� �u�s�e�d� �t�o� �i�n�t�e�r�p�r�e�t� �t�h�e� �e�f�f�e�c�t� �o�f� 

�i�n�g�r�e�s�s�i�o�n� �o�f� �w�a�t�e�r� 

�i�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �i�n�g�r�e�s�s�i�o�n� �a�s� �s�h�o�w�n� �i�n� �f�i�g�.� �1�2�.� 

�I�n� �t�h�e� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �a�n� �a�d�h�e�s�i�v�e� �j�o�i�n�t� �b�y� �t�h�e� �a�c�o�u�s�t�o�-�u�l�t�r�a�s�o�n�i�c� 

�m�e�t�h�o�d�,� �l�o�n�g� �P�V�D�F� �s�e�n�s�o�r�s� �w�e�r�e� �a�l�s�o� �u�s�e�d� �t�o� �g�e�t� �a� �b�e�t�t�e�r� �s�i�g�n�a�l� �a�s� 

�s�h�o�w�n� �i�n� �f�i�g�.� �1�3�.� 

�3�.�4� �E�m�b�e�d�m�e�n�t� 

�O�n�e� �o�f� �t�h�e� �o�b�j�e�c�t�i�v�e�s� �o�f� �o�u�r� �s�t�u�d�y� �w�a�s� �t�o� �i�d�e�n�t�i�f�y� �a� �p�r�o�p�e�r� 

�t�e�c�h�n�i�q�u�e� �t�o� �e�m�b�e�d� �t�h�e� �s�e�n�s�o�r�s� �i�n� �o�r� �n�e�a�r� �t�h�e� �b�o�n�d�l�i�n�e�.� �A�d�h�e�s�i�v�e�l�y� 

�b�o�n�d�e�d� �j�o�i�n�t�s� �w�e�r�e� �f�a�b�r�i�c�a�t�e�d� �w�i�t�h� �t�h�r�e�e� �1�.�5�m�m� �X� �1�0� �m�m� �P�V�D�F� 

�s�e�n�s�o�r�s� �i�m�b�e�d�d�e�d� �i�n� �t�h�e� �b�o�n�d�l�i�n�e� �b�e�t�w�e�e�n� �t�w�o� �p�l�e�x�i�g�l�a�s� �p�l�a�t�e�s�,� �a�s� 

�s�h�o�w�n� �i�n� �f�i�g�.� �1�4�,� �t�o� �d�e�t�e�c�t� �m�o�i�s�t�u�r�e� �a�b�s�o�r�p�t�i�o�n� �i�n� �t�h�e� �a�d�h�e�s�i�v�e� �b�o�n�d�.� 

�T�o� �i�m�p�r�o�v�e� �t�h�e� �w�e�t�t�a�b�i�l�i�t�y� �o�f� �P�V�D�F� �m�e�t�a�l�l�i�c� �l�a�y�e�r�s�3�4� �f�o�r� �b�e�t�t�e�r� 

�b�o�n�d�i�n�g�,� �a� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t� �w�a�s� �a�p�p�l�i�e�d� �(�2� �m�i�n�u�t�e�s� �o�f� �A�r�g�o�n�)�.� 
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�T�h�e� �s�p�e�c�i�m�e�n�s� �w�e�r�e� �p�u�t� �i�n� �a� �m�o�i�s�t� �e�n�v�i�r�o�n�m�e�n�t� �f�o�r� �a� �f�e�w� �d�a�y�s� 

�a�n�d� �s�i�g�n�a�l�s� �o�f� �t�h�e� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� �s�e�n�s�o�r�s� �w�e�r�e� �t�a�k�e�n�.� �T�h�e� �r�e�s�u�l�t�s� 

�w�e�r�e� �u�n�S�a�t�i�s�f�a�c�t�o�r�y�:� �m�o�i�s�t�u�r�e� �c�o�r�r�o�d�e�d� �t�h�e� �m�e�t�a�l�l�i�c� �e�l�e�c�t�r�o�d�e�s� �t�h�e� 

�a�d�h�e�s�i�v�e� �b�o�n�d�s�.� �B�i�g� �c�h�u�n�k�s� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e�s� �d�i�s�a�p�p�e�a�r�e�d� �a�f�t�e�r� �t�h�e� 

�S�p�e�c�i�m�e�n�s� �w�e�r�e� �p�u�t� �i�n�t�o� �a� �m�o�i�s�t� �e�n�v�i�r�o�n�m�e�n�t� �f�o�r� �s�e�v�e�r�a�l� �d�a�y�s�.� �O�n� 

�t�h�e� �o�t�h�e�r� �h�a�n�d�,� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �c�o�n�t�a�c�t� �b�e�t�w�e�e�n� �t�h�e� �c�o�p�p�e�r� �f�o�i�l� �t�a�p�e� 

�a�n�d� �t�h�e� �P�V�D�F� �e�l�e�c�t�r�o�d�e�s� �w�a�s� �a�l�s�o� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �m�o�i�s�t�u�r�e�:� �t�h�e� 

�c�o�p�p�e�r� �t�a�p�e� �s�e�e�m�e�d� �t�o� �d�e�b�o�n�d� �a�n�d� �p�r�e�s�s�u�r�e� �o�n� �t�h�e� �c�o�n�t�a�c�t� �a�r�e�a� �w�a�s� 

�n�e�e�d�e�d� �t�o� �g�e�t� �a� �s�i�g�n�a�l�.� 

�I�t� �b�e�c�a�m�e� �n�e�c�e�s�s�a�r�y� �t�o� �m�o�n�i�t�o�r� �m�o�i�s�t�u�r�e� �a�b�s�o�r�p�t�i�o�n� �w�i�t�h� �P�V�D�F� 

�s�e�n�s�o�r�s� �a�t�t�a�c�h�e�d� �o�n� �t�h�e� �e�x�t�e�r�i�o�r� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e�.� �A�n�o�t�h�e�r� �s�o�l�u�t�i�o�n� 

�w�o�u�l�d� �h�a�v�e� �b�e�e�n� �t�o� �c�o�a�t� �t�h�e� �e�l�e�c�t�r�o�d�e�s� �w�i�t�h� �w�a�t�e�r�-�r�e�s�i�s�t�a�n�t� �c�o�a�t�i�n�g�s� 

�o�r� �t�o� �u�s�e� �i�n�e�r�t� �e�l�e�c�t�r�o�d�e�s� �(�f�o�r� �i�n�s�t�a�n�c�e� �g�o�l�d� �l�i�k�e� �f�o�r� �P�Z�T� �t�r�a�n�s�d�u�c�e�r�s�)�.� 

�A�s� �f�a�r� �a�s� �m�e�c�h�a�n�i�c�a�l� �d�a�m�a�g�e� �m�o�n�i�t�o�r�i�n�g� �i�s� �c�o�n�c�e�r�n�e�d�,� �P�V�D�F� �s�e�n�s�o�r�s� 

�w�e�r�e� �a�l�s�o� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �e�x�t�e�r�i�o�r� �o�f� �t�h�e� �j�o�i�n�t� �s�i�n�c�e� �i�n�h�e�r�e�n�t� 

�p�r�o�b�l�e�m�s� �r�e�m�a�i�n� �f�o�r� �b�o�n�d�i�n�g� �P�V�D�F� �s�e�n�s�o�r�s� �w�i�t�h�i�n� �h�i�g�h�l�y� �l�o�a�d�e�d� 

�s�t�r�u�c�t�u�r�a�l� �b�o�n�d�s�3�5�.� �I�n�d�e�e�d� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �i�n� �o�u�r� 

�l�a�b�o�r�a�t�o�r�i�e�s�3�4� �w�h�i�c�h� �c�o�n�c�l�u�d�e� �t�h�a�t� �e�v�e�n� �i�f� �p�l�a�s�m�a� �_� �t�r�e�a�t�m�e�n�t� 

�i�m�p�r�o�v�e�d� �t�h�e� �a�d�h�e�s�i�o�n� �o�f� �P�V�D�F� �f�i�l�m�s� �i�n�s�i�d�e� �t�h�e� �b�o�n�d�l�i�n�e�,� �i�t� �s�t�i�l�l� 

�w�e�a�k�e�n�e�d� �t�h�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �r�e�s�u�l�t�i�n�g� �b�o�n�d�.� 

�O�u�r� �s�e�n�s�o�r�s� �w�e�r�e� �b�o�n�d�e�d� �t�o� �t�h�e� �m�a�t�e�r�i�a�l� �u�s�i�n�g� �a� �c�y�a�n�o� �a�c�r�y�l�a�t�e� 

�(�M�-�b�o�n�d� �2�0�0�,� �M�e�a�s�u�r�e�m�e�n�t�s� �G�r�o�u�p�,� �I�n�c�.�,� �R�a�l�e�i�g�h�,� �N�.�C�.�)� �a�d�h�e�s�i�v�e�.� �T�h�i�s� 

�a�d�h�e�s�i�v�e� �i�s� �e�a�s�y� �t�o� �u�s�e� �a�n�d� �c�u�r�e�s� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �l�e�s�s� �t�h�a�n� 
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�O�u�r� �s�e�n�s�o�r�s� �w�e�r�e� �b�o�n�d�e�d� �t�o� �t�h�e� �m�a�t�e�r�i�a�l� �u�s�i�n�g� �a� �c�y�a�n�o� �a�c�r�y�l�a�t�e� 

�(�M�-�b�o�n�d� �2�0�0�,� �M�e�a�s�u�r�e�m�e�n�t�s� �G�r�o�u�p�,� �I�n�c�.�,� �R�a�l�e�i�g�h�,� �N�.�C�.�)� �a�d�h�e�s�i�v�e�.� �T�h�i�s� 

�a�d�h�e�s�i�v�e� �i�s� �e�a�s�y� �t�o� �u�s�e� �a�n�d� �c�u�r�e�s� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �l�e�s�s� �t�h�a�n� 

�o�n�e� �m�i�n�u�t�e�.� �S�i�n�c�e� �i�t� �i�s� �v�e�r�y� �s�e�n�s�i�t�i�v�e� �t�o� �m�o�i�s�t�u�r�e�,� �c�y�a�n�o� �a�c�r�y�l�a�t�e� �i�s� 

�n�o�t� �r�e�c�o�m�m�e�n�d�e�d� �f�o�r� �l�o�n�g�-�t�e�r�m� �e�x�p�e�r�i�m�e�n�t�s�.� �I�n�f�o�r�m�a�t�i�o�n� 

�c�o�n�c�e�r�n�i�n�g� �a�d�h�e�s�i�v�e�s� �i�s� �a�v�a�i�l�a�b�l�e� �f�r�o�m� �P�e�n�n�w�a�l�t�3�6�.� �T�h�e� �P�V�D�F� �s�e�n�s�o�r�s� 

�m�a�y� �a�l�s�o� �b�e� �p�r�o�t�e�c�t�e�d� �f�r�o�m� �f�i�n�g�e�r� �p�r�i�n�t�s� �b�y� �p�u�t�t�i�n�g� �a�n� �a�d�h�e�s�i�v�e� �t�a�p�e� 

�o�n� �t�h�e� �t�o�p� �o�f� �t�h�e� �s�e�n�s�o�r�s� �(�f�i�g�.� �1�5�)�.� 

�R�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�r�o�m� �l�i�t�e�r�a�t�u�r�e� �a�n�d� �e�x�p�e�r�i�m�e�n�t�s� �d�o�n�e� �i�n� �o�u�r� 

�l�a�b�o�r�a�t�o�r�i�e�s� �a�r�e� �g�a�t�h�e�r�e�d� �t�o�g�e�t�h�e�r� �i�n� �a� �f�a�c�t� �s�h�e�e�t� �(�a�p�p�e�n�d�i�x� �B�)� 

�P�V�D�F� �T�R�A�N�S�D�U�C�E�R� �D�E�S�I�G�N� �3�8



�C�o�p�p�e�r� �t�a�p�e� 
�p�p� �P� �A�d�h�e�s�i�v�e� �t�a�p�e� 

� � 

� � � � 

� � 

�M�e�t�a�l�i�z�a�t�i�o�n� �\� �C�o�p�p�e�r� �t�a�p�e� 
�A�d�h�e�s�i�v�e� 

�A�d�h�e�r�e�n�d� 
� � 

�F�i�g�u�r�e� �1�5�.� �T�y�p�i�c�a�l� �P�V�D�F� �t�r�a�n�s�d�u�c�e�r� �u�s�e�d� �i�n� �o�u�r� �e�x�p�e�r�i�m�e�n�t�s� �(�n�o�t� �t�o� 

�s�c�a�l�e�)�.� 

�P�V�D�F� �T�R�A�N�S�D�U�C�E�R� �D�E�S�I�G�N� �3�9



�4�.�0� �C�H�A�R�A�C�T�E�R�I�Z�A�T�I�O�N� �O�F� �A�D�H�E�S�I�V�E� 
�J�O�I�N�T�S� �B�E�F�O�R�E� �S�E�R�V�I�C�E� 

�T�h�e� �t�w�o� �e�x�p�e�r�i�m�e�n�t�s� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�i�s� �c�h�a�p�t�e�r� �d�o� �n�o�t� �d�e�a�l� �w�i�t�h� 

�t�h�e� �d�e�t�e�c�t�i�o�n� �o�f� �a�d�h�e�s�i�v�e� �j�o�i�n�t� �d�a�m�a�g�e� �d�u�e� �t�o� �m�e�c�h�a�n�i�c�a�l� �o�r� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �e�x�p�o�s�u�r�e� �b�u�t� �w�i�t�h� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �b�o�n�d� 

�q�u�a�l�i�t�y� �b�e�f�o�r�e� �s�e�r�v�i�c�e�.� �D�u�r�i�n�g� �p�r�e�l�i�m�i�n�a�r�y� �s�t�u�d�i�e�s�,� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� 

�P�V�D�F� �s�e�n�s�o�r�s� �c�o�u�l�d� �b�e� �u�s�e�d� �i�n� �t�h�r�o�u�g�h�-�t�r�a�n�s�m�i�s�s�i�o�n� �m�o�d�e� �t�o� �d�e�t�e�c�t� 

�p�o�r�o�s�i�t�y� �i�n� �a�d�h�e�s�i�v�e� �j�o�i�n�t�s�.� �M�o�r�e�o�v�e�r�,� �P�V�D�F� �f�i�l�m�s� �w�e�r�e� �a�l�s�o� 

�s�u�c�c�e�s�s�f�u�l�l�y� �u�s�e�d� �i�n� �p�u�l�s�e�-�e�c�h�o� �m�o�d�e� �t�o� �d�e�t�e�c�t� �t�h�e� �s�e�t�t�i�n�g� �o�f� �a�n� 

�a�d�h�e�s�i�v�e�.� �T�h�e�s�e� �c�o�u�l�d� �b�e� �o�f� �g�r�e�a�t� �i�n�t�e�r�e�s�t� �i�n� �d�e�t�e�r�m�i�n�i�n�i�n�g� �t�h�e� 

�q�u�a�l�i�t�y� �o�f� �a� �b�o�n�d�.� 

�4�.�1� �P�o�r�o�s�i�t�y� �s�t�u�d�y� 

�A� �u�r�e�t�h�a�n�e� �a�d�h�e�s�i�v�e� �(�3�5�4�9� �B�/�A�,� �3�M�,� �S�t�.� �P�a�u�l�,� �M�N�.�)� �l�a�p� �j�o�i�n�t� 

�w�a�s� �f�a�b�r�i�c�a�t�e�d� �w�i�t�h� �t�w�o� �9�0� �m�m� �X� �1�0�0� �m�m� �X� �5� �m�m� �p�l�e�x�i�g�l�a�s� 

�a�d�h�e�r�e�n�d�s� �w�i�t�h� �t�w�o� �3�.�5� �m�m� �X� �3�.�5� �m�m� �P�V�D�F� �s�e�n�s�o�r�s� �l�o�c�a�t�e�d� �o�n� �t�h�e� 

�o�u�t�s�i�d�e� �o�f� �t�h�e� �j�o�i�n�t�s�.� �T�h�e� �s�p�e�c�i�m�e�n� �w�a�s� �c�l�a�m�p�e�d� �a�t� �b�o�t�h� �e�n�d�s� �t�o� 

�a�s�s�u�r�e� �p�r�e�s�s�u�r�e� �d�u�r�i�n�g� �t�h�e� �c�u�r�i�n�g� �p�e�r�i�o�d� �a�n�d� �a� �1�0�0� �u�m� �t�h�i�c�k� �t�e�f�l�o�n� 

�C�H�A�R�A�C�T�E�R�I�Z�A�T�I�O�N� �O�F� �A�D�H�E�S�I�V�E� �J�O�I�N�T�S� �B�E�F�O�R�E� �S�E�R�V�I�C�E� �4�0



�S�p�a�c�e�r� �w�a�s� �p�l�a�c�e�d� �a�l�o�n�g� �o�n�e� �e�d�g�e� �t�o� �c�r�e�a�t�e� �a� �d�i�f�f�e�r�e�n�c�e� �o�f� �t�h�i�c�k�n�e�s�s� 

�i�n� �t�h�e� �j�o�i�n�t�.� �S�e�n�s�o�r� �#�1� �w�a�s� �g�l�u�e�d� �o�n� �t�h�e� �a�r�e�a� �w�h�e�r�e� �t�h�e� �b�o�n�d� �w�a�s� 

�t�h�i�c�k� �w�i�t�h� �m�a�n�y� �a�i�r� �b�u�b�b�l�e�s� �w�h�e�r�e�a�s� �s�e�n�s�o�r� �#�2� �w�a�s� �g�l�u�e�d� �o�n� �t�h�e� 

�a�r�e�a� �w�h�e�r�e� �t�h�e� �b�o�n�d� �w�a�s� �t�h�i�n� �w�i�t�h� �f�e�w� �a�i�r� �b�u�b�b�l�e�s� �t�o� �s�e�e� �i�f� �i�t� �w�a�s� 

�p�o�s�s�i�b�l�e� �t�o� �d�e�t�e�c�t� �a�n�y� �d�i�f�f�e�r�e�n�c�e� �(�s�e�e� �f�i�g�.� �1�6�)�.� �I�n�d�e�e�d� �a�n� �i�n�c�i�d�e�n�t� 

�p�u�l�s�e� �o�f� �u�l�t�r�a�s�o�u�n�d� �w�i�l�l� �b�e� �r�e�f�l�e�c�t�e�d� �a�n�d� �t�r�a�n�s�m�i�t�t�e�d� �a�t� �e�a�c�h� 

�i�n�t�e�r�f�a�c�e� �o�f� �t�h�e� �j�o�i�n�t�.� �T�h�e� �a�m�p�l�i�t�u�d�e�s� �o�f� �t�h�e� �r�e�f�l�e�c�t�e�d� �a�n�d� 

�t�r�a�n�s�m�i�t�t�e�d� �p�u�l�s�e�s� �a�r�e� �d�e�p�e�n�d�e�n�t�!� �o�n� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �t�h�e� 

�i�n�t�e�r�f�a�c�e� �w�h�i�c�h� �m�a�y� �b�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� 

� � � � 
�Z�1�-�Z�2� 

�R�=�1�7�1�4�Z�9� 

�T�=�1�-�R� 

�w�h�e�r�e� �R� �r�e�f�l�e�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� 

�T� �t�r�a�n�s�m�i�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� 

�Z�=�p�V� �=� �a�c�o�u�s�t�i�c� �i�m�p�e�d�a�n�c�e� 

�I�f� �a� �d�e�f�e�c�t� �i�s� �a�s�s�u�m�e�d� �t�o� �c�o�n�t�a�i�n� �a�i�r� �o�r� �a�n�y� �o�t�h�e�r� �l�o�w� �d�e�n�s�i�t�y� 

�s�u�b�s�t�a�n�c�e�,� �t�h�e�n� �i�t� �w�i�l�l� �h�a�v�e� �a� �v�e�r�y� �l�o�w� �a�c�o�u�s�t�i�c� �i�m�p�e�d�a�n�c�e� �r�e�l�a�t�i�v�e� �t�o� 

�t�h�e� �a�d�h�e�r�e�n�d� �o�r� �t�h�e� �a�d�h�e�s�i�v�e�.� �A�t� �a� �b�o�u�n�d�a�r�y� �b�e�t�w�e�e�n� �e�i�t�h�e�r� �a�n� 

�a�d�h�e�r�e�n�d� �o�r� �t�h�e� �a�d�h�e�s�i�v�e� �a�n�d� �a� �d�e�f�e�c�t�,� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� 

�a�p�p�r�o�c�h�e�s� �u�n�i�t�y�.� �A�n� �i�n�c�i�d�e�n�t� �p�u�l�s�e� �a�t� �t�h�e� �d�e�f�e�c�t� �i�s� �t�h�e�n� �p�r�a�c�t�i�c�a�l�l�y� 

�t�o�t�a�l�l�y� �r�e�f�l�e�c�t�e�d� �l�e�a�v�i�n�g� �n�e�g�l�i�g�i�b�l�e� �e�n�e�r�g�y� �t�o� �b�e� �t�r�a�n�s�m�i�t�t�e�d� �t�h�r�o�u�g�h� 
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�P�V�D�F� �s�e�n�s�o�r�s� 

�C� �1� 

�P�l�e�x�i�g�l�a�s� � � � � � � 

� � �P�l�e�x�i�g�l�a�s� � � � � 

�F�i�g�u�r�e� �1�6�.� �S�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �o�f� �t�h�e� �s�p�e�c�i�m�e�n�.� 
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�t�h�e� �d�e�f�e�c�t�.� �M�e�a�s�u�r�e�m�e�n�t� �o�f� �t�h�e� �r�e�f�l�e�c�t�e�d� �o�r� �t�r�a�n�s�m�i�t�t�e�d� �e�n�e�r�g�y� �m�a�y� 

�t�h�e�r�e�f�o�r�e� �b�e� �u�s�e�d� �t�o� �i�n�d�i�c�a�t�e� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �d�e�f�e�c�t�.� 

�U�l�t�r�a�s�o�n�i�c� �p�u�l�s�e�s� �w�e�r�e� �s�e�n�t� �f�r�o�m� �t�h�e� �o�p�p�o�s�i�t�e� �s�i�d�e� �o�f� �t�h�e� �j�o�i�n�t� 

�b�y� �a� �1�2�.�7� �m�m� �(�0�.�5� �i�n�.�)� �d�i�a�.�,� �2�.�2�5� �M�H�z� �P�Z�T� �c�e�r�a�m�i�c� �t�r�a�n�s�d�u�c�e�r� �i�n� �a� 

�t�h�r�o�u�g�h�-�t�r�a�n�s�m�i�s�s�i�o�n� �m�o�d�e�.� �T�h�e� �s�i�g�n�a�l�s� �s�e�n�t� �b�y� �t�h�e� �c�e�r�a�m�i�c� 

�t�r�a�n�s�d�u�c�e�r� �t�h�r�o�u�g�h� �a� �p�u�l�s�e�r�-�r�e�c�e�i�v�e�r� �A�C�C�U�-�T�R�O�N� �m�o�d�e�l� �1�0�1�0�P�R� �a�n�d� 

�r�e�c�e�i�v�e�d� �b�y� �t�h�e� �P�V�D�F� �f�i�l�m�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �u�s�i�n�g� �a�n� �o�s�c�i�l�l�o�s�c�o�p�e� 

�(�T�e�k�t�r�o�n�i�k� �2�2�3�0�)� �(�s�e�e� �f�i�g�.� �1�7�)�.� 

�F�i�g�u�r�e�s� �1�8� �a�n�d� �1�9� �s�h�o�w� �t�h�e� �u�l�t�r�a�s�o�n�i�c� �s�i�g�n�a�l�s� �f�o�r� �u�r�e�t�h�a�n�e� 

�b�o�n�d�e�d� �j�o�i�n�t�s� �w�i�t�h� �m�a�n�y� �a�i�r� �b�u�b�b�l�e�s� �a�n�d� �f�e�w� �a�i�r� �b�u�b�b�l�e�s� �i�n� �t�h�e� 

�a�d�h�e�s�i�v�e� �b�o�n�d� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e�s�e� �d�i�a�g�r�a�m�s� �w�e�r�e� �n�o�t� �t�r�a�c�e�d� �f�r�o�m� 

�a�c�t�u�a�l� �d�a�t�a� �b�u�t� �r�e�p�r�e�s�e�n�t� �t�h�e� �s�i�g�n�a�l� �w�h�i�c�h� �w�a�s� �v�i�s�u�a�l�l�y� �o�b�s�e�r�v�e�d� �o�n� 

�t�h�e� �o�s�c�i�l�l�o�s�c�o�p�e�.� 

�I�n� �t�h�e� �c�a�s�e� �o�f� �r�e�c�e�i�v�e�r� �#�1�,� �t�h�e� �g�l�u�e� �w�a�s� �s�o� �t�h�i�n�,� �d�u�e� �t�o� �t�h�e� 

�a�p�p�l�i�e�d� �p�r�e�s�s�u�r�e�,� �t�h�a�t� �t�h�e�r�e� �w�e�r�e� �f�e�w� �a�i�r� �b�u�b�b�l�e�s� �(�s�e�e� �m�i�c�r�o�g�r�a�p�h� �o�f� 

�t�h�e� �b�o�n�d� �i�n� �f�i�g�.� �2�0�)�.� �A�s� �t�h�e� �a�c�o�u�s�t�i�c� �i�m�p�e�d�a�n�c�e� �o�f� �u�r�e�t�h�a�n�e� �i�s� �c�l�o�s�e� �t�o� 
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