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Development of Signal Processing Tools and Hardware for 
Piezoelectric Sensor D iagnostic Processes 

Timothy C . S. Overly, Gyuhae Park and Charles R. Farrar 

Engineering Institute , Los Alamos National Laboratory, Los Alamos, USA 

ABSTRACT 

T his pap ~'r presents a pie%o electric sensor d iagnost.ic and valida tion proc ur t hat p rforms in-sit u moni toring 
of the operational status of piezoel(xtric (PZT) sensor / ac u tor arrays used in structural healLh moni toring 
(SH 1) appli ations. The validation of the proper fUllction of a sensor / t uator arra.y during operation, is a 
critical omponent to a complete and robust SH tl system, especially with the large numb r of act ive s .nsors 
typically involv d. T he method of this technique used to obtain the health of the PZT lr nsduc 1's is to t rack 
th ir capacit ive value, this value manifests in t he imaginary part of measured ' lectrical admittance. Degradation 
of the mechanic' 1/ electrical properties of a PZT sensor/ actua tor as well as honding defects between a PZT patch 
and a host structure can be ident ified wit h the proposed procedure. However. it was fou nd that temperature 
variations and changes in sensor boundary conditions manifest themselves in similar ways in the rn asured elec­
tr ical admit ance .. Therefore, we examined the effects of tempera ture variation and sensor boundary condit ions 
on the sensor diagnostic process. The objective of this study is to quantify and classify se veral key characteristi s 
of temperat ure hange and to develop efficient signal processing techniques to account for th se va riat iolls in the 
seasor diagnosis process. In addition, we developed hardware capable of making the necessary measurements to 
perform t he sensor diagnostics and to make impedance-based SHM measurements. T he paper concludes wit h 
experimental results to demonstrate the effectivellcss of the proposcd technique. 
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1. INTRODUCTION 

The primar. go 1 of this paper is to present sensor diagnostic and validation procedures for piezoelectric patches 
used in structural health moni toring. A robust diagnostic procedure that de termines the health of piezoelec ric 
senso is desired because of the potent ially large number of sensors being used in a typical SHM application. In 
addi t ion, piezoelectric (P ZT) sensors are generally weaker than the structure t hat they monitor, making them 
the most susceptible part of t he system to fail. T he procedure tha t will be outlined here uses th capaciti e 
measurement of the P ZT transducer that has been bonded to the structure. 

T he proposed technique will allow for the monitoring of both the sensor bonding condition and the sensor 
healt h itself Debollding all d breakage manifest themselves differently ill Lhe capacit ive signal, alld a classifi cation 
of those changes wa performed. In addition to the basic feature classificatioll of various sensor fai lure modes , 
tIl(' efr 'et of tClllpcrat ure is also exarnineu This data allows for the correctioll of the SL' IlSor diagnost ic process 
to environmental variance. Hardware that was developed to make impedance based SH. f measurements, is als 
briefly review d in this paper. T his hardware was specifically designed to b e able to impl m nt th propos .d 
sensor diagnostic a lgorithm in addition to impedance SHM. F inally, we onclude wi h experimental results of 
the demonstrated technique . 

1.1. Impedance Method 

The sensor diagnostic process tha t is proposed is based on electromechanical impedance measurements. Liang 
et aLl was the first to develop the theory for impedance based measurements for use in SHtvr. T he the ry has 
been subst.ant ially developed by Park et a1. 2- 4 , Bhalla et al.,5, 6 Giurgiutiu et a1. 7- 9 and Sun ~t a1.. l o 

T he b sic cone pt of the impedance method is to use high frequency vibrat ions to monitor the local area of a 
structure for ch .nges in struc tural impedance that would indicate dama.ge or structural change. T he monitoring 
is made possible by using piezoelectric (P ZT ) sensor/actuators whose elect rical impedance is directly relate 1 to 
the structure's mechanical impedance. The impedance measurements can "asi ly give infor nHttion on eh ' nging 



parameters, such as resonant frequencies or dampincr , which allows for the detection and location of damage . 
T he expression for one dimensional electromechanical admittance(Y(w)) of a PZT that is bonded to a structure, 
which was developed by Liang et al. , is given in Equation 1. 

(1) 

Where w, l , and h are width, length and height of t he PZT patch respectively. Z s (w) and Za(W) are the 
mechanical impedances of the host structure and of the P ZT transducer respectively, ,.., is the wave nUlllber, yE 
is the complex y: ung's modulus, and t':T3 is the complex electric permittivity of the PZT transducer along the z 
axis. In addition Za (w) is also defined by Equation 2. 

-E 
Za(W) = ~whY , 

2(;,,' tan Kl 

Awl fi nally for the one dimensional case the wave number is defined in Equation 3. 

K =wJ !E 

(2) 

(3) 

T he previous formula., were further developed by n halla and Soh 6 who solved the two dimensional governing 
equation for Y (w), which is given in Equation 4. 

(4) 

\iVhere f is the complex tangent rati , which in . n ideal sit lation would be equal to tant1. Equation 4 
introduces the idea of effe t ive impedance, in Zs .cjj(w) and Za,eff(W). It can be se n how /\hese two terms 
combine to couple the impedances of the ~ tructure and the pi ,zoelectric patch. T his coupling allows one to 
measure the m cltani a,l impedance of t he structure through the lectrical impedance of the piezoelectric patch. 

Once a PZT transducer has been bonded to the structure , the impedance-based SHM _ ystem is able to monitor 
the high fr quency region of the structure for local damage . The higher frequency rang is more s n itive to local 
damage, as opposed to lower frequency which is more sensit ive to global changes or operational condition change 
in t he system. It has been shown that t he wavelength of the signal, used to detect damage of a given size, n edt; 
to be smaller than the characteristic length of the damage.ll To satisfy this requirement and to be able detect 
incipient damage, the frequency range of 30-400 kHz is usually used. 4 In addition, the maximum frequency 
that should be considered should usually be below 500 kHz,12 above t his frequency the sensing region is v ry 
small and is sensitive to the piezoel ctr ic patch and its bonding condit ions and not of the structure. However, 
depending on t.he measurement situat ion, the maximum frequency used is usually well below this boundary. 

T here has been extensive research performed in recent years on the applicat ion of impedance rneasurem nts 
in the fie ld of _' tructural he lt h monitoring. A good review n the topic is presented by Park et a1..4 An 
important aspect of the impedance method is that the method requires significantly lower pow r compared Lo 
other active- 'en 'ing technologies, such as Lamb wave propagation. In addition to the lower power requir ments, 
impedance measurements also have the potential to perform in-situ ac t ive sensor diagnosis , \ hich is discussed in 
this paper. It has been observed by several people includiIlg Park2 and Bhalla6 that the imaginary admittance 
of the impedance measurement is an indkation of bon ling condition, but a efficient signal processing t.ool that 
accounts for environmental changes st ill needs to be accomplished . 



1.2. Sensor Diagnostic P r ocess 

1ethodti for determining the health of piezoelect r ic patches have been examined in previous research . A couple 
of t hem specifically make use of the impedance measurements of the piezoelectric patch, alth ough in di fferent 
ways. Saint-P ierre et a1. 13 uses the shape of the first real impedance resonan ,8 and its change to determine the 
state of the IJonci ing condition. Guirgiutiu and Zagrai9 p opose a similar technique using the attenu' t ion of the 
tirst imaginary impedance resonance for da.ma.ge detection. Pacou et a1. 14 d iscusses the use of t he shift of the 
first natural frequency of the piezoelectric patch before and after bonding as a possib1e method for etermining 
honding condit ion. 

There are several disadvantages to the above methods. First , they are not sensitive to small debonding in 
thE' PZT. Secondly they a11 require relat ively high frequency measurements to determine the bonded fi rst natural 
frequency. A standard impedance analyzer can be used to make a met1surement into the 600 kHz range and up : 
which i: needed in these methods. Current SH 1 nodes that are used for the impedauc based SHM ilre not 
able to make impedance measurements into that range. IS T his frequency requirement makes these techll iques 
generall} unsuitable for field deployment using currently available sensor nodes. Finally the ausol ute number of 
da ('\ points that need to be collected for sensor diagnosis is qu ite high compared to the method purposed in this 
paper. T he higher number of data points demands more [rom the SHIVI norte, which generally have very limi t d 
storage 'apacity and RA! 1. 

Ell ' 11· and Soh,6 in additi n to the formulations in Section 1. 1 sugges that t he imaginary part of the 
. d rniltallce measurement is more sellsitive to bond ing conditions , and therefore could be us ful in determining 
the bond health. T his relationship was further developed by Park et a1.,2, 16 who showed the init ia l relationship 
between bonding condition and the slope of the imaginary admittance measurement (susceptance). This t,ech­
nique is based on t he admitta nce mea.surement of a free PZT that is shown in Equat ion 5 and the equaLion for 
the bonding Iftyu 's efreeL on the electrical admit tance, which is given in Equa tion 6. 

T hf' equa t.ion for a PZT in a free state that was developed in P ark et a1. 2 is given in Equc Lion G. 

(5) 

T he ('(Iuat ion for the bonding layer effects is achieved by allowing the strnctmal impcd;;lllcC in Eqnation 1 to 
approach infi nity. 

Equa ti ns ,5 and 6 show that the same PZT will have a different capacitive value from a free-free condi tion to 
a surface-bonded condition. T he bonding of the sensor would cause a downward shift in the electrical admittance 
of t he free PZT by a factor of d~l Y pE . T his change in slope would allow for the health of t he b nding condition 
and the physical health of the transducer to be assessed wit h a measurement of the susceptan e.:2 

1.3. SHM Devices 

T he sensor d iagnostic algorithm proposed here is speci fically designed to be used in the field with current and 
near term deployable struc tura l health monitor ing nodes. In particu lar, t he wireless impedance device developed 
by the authors was of primary consideration.17 The device is pictured in F igure 1) and this figure sh ws b th 
side of the Wir less Impedance Device or MD. 

This device was designed to replace laboratory impedance analyzers for in-field structural health monitor ing. 
A tal Ie with important comparison information betvveen the WID and a HP 4294A Impedance Analyzer is shown 
in Table 1. The WID fulfills much of the needed requirement for SHfvI, including the necessary freq uency range, 
power relluiremen s at a very low cost. More in-depth information can be fo und in Overly et a.l.. 17 

OW' hardware follows the sa.me design philosophy that was previou 'ly developed by GrissoU ! and Grisso et 
a1., 19 but with different components and capabilities. T heir s, s tem uses discrete components for impedance 
mcasll emenis , while our device uses an integra ted solution. T heir system can a lso be considered as potentia l 



(a) Top (b) Bottom 

Figure 1 . Bot h sides of t he Wireless Impedance Device 

hard ware for the sensor diagnostic algorithm and is currently being investigated by the researchers a t Virginia 
Tech. 

2. EFFECTS OF SENSOR FAILURE 

Various types of sellsor fu ilure will affect irnagillary admit tallce ill d ifferent ways . T he first step ill the diagnostic 
process is to 1'l11nnti(y t hose chfmgcs for d iffe ren t b nding and Sf' nsor conditions. The classifi cation will a llow the 
imaginaryadmittanc measurem nts to be used ill a mea ningful way in a sensor diagnostic procedure . The two 
rnain types of sensor failure being examined are sensor debonding and sensor breakage. 

2.1. Deb onding 

Sensor debonding is a failure mode of consid raLI concern. It is of concern, because unlike some of the other 
fa ilure modes it is n t read ily noticeable upon visual inspection. DeLonding may 0 cur in . L' ituation here 
the structure may not have susLained any damage, i.e. a strain large for t he PZT but within t he operating 
param ,tel's of the structure or the long-term degradation of the adhesive bond. 

To tes t the effec ts of debonding. six teen 12.7mm PZT pa tches were bonded to a 6.35mm thick aluminum 
plate . Nine were bonded wi th poxy and nine wi th super glue. In each set f nine, three were bonded fully, three 
were bonded with 25 percent debolldiug auci the remaining three were bonded at 50 percent . Two adhesi ves 
were ised to tes t if different adhesives contribute di fferently to the change in susceptance. T his simulat ion of 
dcbond ing wa.') achieved by using release paper to restrict the bonding percentages of the seHsor. Specific lly, 
the PZT was bonded a corresponding percent of the total area on top of double layer of release paper. Photos 
of the bonded sensors are shown in F igure 2. 

The debonding of the sensors has an effec t on the sensor d iagnostic indicator that we are examining, the 
sl p e of t.he susceptance. The slope changes in a repeatable and consistent manner with debonding percentages. 
F igure 3 shows two graphs, b th at room temperature, of Lhe eff ct f debonding percent ages on the susceptance. 
F igure 3(a ) and 3(b) are of super glu and po),.]' bonded patches respectiv 1y. The slope of the susceptance 
decrea es wiLh debonding. It can be seen in each graph that there is a progression f the measurements from the 
highest slope, a reference free-free set, to the low st slope, the fully bonded ase. T his decrease is onsistent with 

Frequency Range 
Sweep Points 
Power Supply 
Cost 

4295A 
40 Hz - 110mHz 
SOl 
120V 
$41,000 

WID 
5kHz -100kHz 
512 
2.SV 
$200 

T able 1. Comparison of key features between t he Agilent 4294A and t he WID 



(a) 0% Debonding (b) 25% Debonding (c) 50% Debonding 

F igure 2. Various debonding percentages on i). 5mm PZT patches 

a previous study,2 but it shows that the percent of eh nge not only indicates dehonding, but a lso the amount 
of debonding. 
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F igure 3 . The slope of the susceptance increases with debonding pl::: rcentage 

2.2. Breakage 

1.5 

The second sellsor failure mode to be investigated is sensor breakage. Aft.e r a potentially damagil1g event on 
structure, it is possible that the P ZT patch that is being used to monitor the st ructure may have been damaged , 
causing a potentially erroneous measurement of the structure. To investigate the effects of such an occurrence, 
six 12.7n11n PZT patches that were bonded to a 6. 35mm thick aluminum pla te, were broken and cut at specific 
percentages of their total area, and then impedance measurements were taken . T hree patches were broken or 
cut to re tl C the total area by 25 perc nt , and three patches were broken or cut a t to reduce the total ar a 
by 50 percellt. Two of each three wer broken with a chisel, to more ac ~urately simulate a damage event. T he 
remaining patches were cut with an abrasive wheel to insure a more accurate reference case . F igure 4(a ) shows 
th - 25 perc(:'!nt breakage case, and F igure 4(b) shows the 50 percent breakage case. 

Itnpedance measurement of these patches was taken prior to breakage and post breaka,ge , allowing for a 
comparison of the ac tual change of capacitive value for each sensor. Imaginary admittam:e mea..'::lurements were 
taken of free-free baseline cases, and all the measurements are shown in Figure 5. H can be seen in F igure 5 
that the slope of t he ima o-inary admittance is proportional to the bre kage percentage. As the percent in Teases , 
the sl pe decreases. There is some variance in the slopes of e ch group, which can most likely be attribu ted 



(a ) 25 P ,1'Cent (b) 50 Percent 

F igure 4. T h PZT patches were broken using bot h a chisel and an abras ive cut ting whe~ l 
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F igure 5. The slope of the imaginary admit tance decreases a.'5 breakage area increases 

to the inconsistent nature of t he fractures. F igure 4 shows that the post breakage patch fragments are not a 
consistent si2e t hey are approximately a 25 and 50 perc nt reduction, but do have some variance . T he line 
with the greatest decrease in slope corresponds to the cut 50 percent patch, which has the smallest final area, 
demonstrating a further correlation betWeen final patch siL':e and slope. 

3 . EFFECTS OF TEMPERATURE CHANGES 

As temperature changes the physical properties of the structure, the bonding layer and PZT sensor will also 
chang . The result is a shift in the imaginary admittance measurements made in the previous section . T he extent 
of these effec ts is ~ hat is examined in this section. In order to mak the sensor diagnosis procedur viable in a 
real world set ting, temperat ure effec ts on the suscepta nce were examined. Both hroken and debonded patches 
wer exa,milled for the etfect th at ernpem ture had on the susceptance for each failure mode. 

3.1. Debonding 

The test setup was the same 6.35mm aluminum plate with the debonded patches t hat was used in Section 2.l. 
III addit ion, the plate was heated and impedance measurements were taken at incremental temperatures. T he 
plate was heated from room temperature to 1350 F and the impedance measurements were taken from 500 to 
20,000 Hz us ing an Agilent 4294A impedance analyzer. Once the imaginary admit t ance measurement was taken 
at each temperature, a linear least-squares fi t was performed on the measurement to obtain the slope of the 
signal. T his slope value is what was compared from one temperature to the next. T he linearity of the signal 
should be checked before this fit is performed because some structur s may have resonances within the frequency 
range causing an error in the slope value. 
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Figure 6. T he slope chang of suscep tance verse temperature for three different bonding percentages for both a) super 
glue and b) epoxy 

The prima ry concern was that the slope of the susceptance would vr=\,ry difrerenLly among diff ren L bOl ding 
and sens r condit ions, making it more difficult to assess the bonding condition though the examination of the 
admitLance slope. The results of t he temperature test OIl debonded patches are shown ill F igure 6 . It cau be 
seen in this graph that as temperature increases t he capacitance value of t.he PZT increases. It can als be seen 
t hat the patches bonded wit h epoxy and superglue have a similar slope change with temperature. F 'om room 
temp ratnre to a temperature of 1350 F all the conditiolls that were bonded with poxy and sup€'r glue O.35e 8 

increase in t he slope. Because of t he parallel nat.ure of the slope decrease, a sensor diagnostic algorithm that is 
invariant of t.emperature changes can be developed. If the algorithm uses a sy t.em to fi nd out.lying PZT sensors, 
the procedure c n be temperature independent. because an outlier will remain outlier at any temperature . 

3.2. Breakage 

As an additional check the effects of temperature on the susceptance measurements of broken patches were also 
examined. The procedure was the same as the debonding temperature test , but using the broken patches from 
Secti n 2.2. The result of broken sensor temperature test is shown in F igure 7. 

As with the debonded sensors, the broken sensors behave in a predictable manner. with all of the breakag 
cases performing in a parallel manner. The fact that all the patches stay in di tinct regions also makes sensor 
breakage dete table through outlier detection . 

4. SIGNAL PROCESSING FOR DIAGNOSTICS OF SENSOR ARRAYS 

In this method we propose a procedure that uses the measured susceptance values of PZT transducer~ to allow 
for the state of the t ransducers to be obtained wi thout the need for pre-stored baseline 111 asurements. 'Vhen a 
group of sensors is bond d to a similar structure , there is the opportunity to compare one sensor to allother. This 
comparison can occur because the sensors are all exposed to the same environmental conditions and so those 
effects can be removed . T hrough a process of ou tr er detect ion , sensors with errrtnt bonding or heal tIl condit ions 
are identified. 

For an array of sensors, the task lies in determining which of the sensors is not part of the healt hy gTOUp. 
T he algori t.hm takes advantage of the characteristic that t he remo al of an unhealthy patch will cause a (Treater 
decrease in the standard deviation of the group of sensors, than will t he removal of a health sensor. A process 
was dev lope 1 to test the effect each sensor had on the overall standard dev ia tion of the group of signals , aud 
to determine at what point the change occurred from unhealt hy to healthy sensors. T his pro ess is documented 
here : 
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Figure 7. T he slope chat ge of susceptance erse temperature for various breakage percentages bonded wit h super glue 

1. T he slope of each of the PZT rausducer's susceptance signals , hich is a measure of the capacit ive value , 
is .alculated in a least-squares manner. 

2. The transducer in the group that contributes, by its removal; to the maximum reduction in the standard 
deviat ion is found . 

(a) One of t he P ZT tTansducer's susceptance signals is removed and the remainino' group's standard 
deviat ion is recalculated. 

(b) T he P ZT transducer with the maximum influence on the standard deviation is recorded and removed 
[Tom fu ture iterations . 

(c) Steps 2a and 2b are repeat ed unt il two s nsors remain . 

3. The 'ensors are arrauged fTom t he one t,hal has the most influence to t he final two sensors. The sens r that 
corresponds to the maximum distance from t h total change is determined , and is recorded as the sensor 
th t starts the healthy patch _So T he .sen 'ors wit h c greater influence than thi.' patch are determined to be 
unhealt hy. 

A visual representation of the above procedure is shown in igure 8. T he maximum number of re ommend 
unhcaltby pa tches is limi ted to less than half f the total number f sensors. If a sens r 's effect on the standard 
1 .viation is ncgati e (it fa lls above the ov raIl slope change), no sensors are 1'e OUllne lded for r placement, 
b caus ' the total slope change does a reasonable job at appro imating t he individual slope change. The frequency 
rauge that is used in determining the slope of t he susceptance should be examined to make SUTe there is 110 maj r 
structural resonauce tha t would induce error into t he least squares fit of the line. 

A MATLAI3 script was written to implement the ahov procedure. As an iuitial test wo plate structures 
tha had 12.7mrn PZT sensors bonded to them were examined. T he first plate was a 1.6mm thick aluminum 
plate that mea.sured 122cm x 122cm. This plate is shown in F igure 9(a ), and h" s very uniform properties. Other 
struct ures may he. ve a slight ly high ' r vari nce due to structure irregulariti S. To investigate this possibility a 
second plate was xamined lhat was 13mm thick and ha a luminum honeycomb st ructure. T he second pI te 
measured 61cm x 61cm and it is shown in F igure 9(b ). Each of the p lates had sensors initially bonded to them, 
wit 1 varying degrees of healt h. 

T he sensor diagnostic a lg itlll ll was un on each plate. T he output of the proposed algorithm is a hy1 r id plot 
with th upp l' plot sho'wing 11 of the susc ptanc measurements with c lor coding corresponding to t he lower 
pI t. T he 1 wer plot shows the efl'ecl of the reducing the sample number , with the x-axis showing which sensor 
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(a) 1/16" Aluminum (b) Aluminu m Honeycomb 

F igure 9. T wo plates with poorly bonded patches were used to test the sensor array diagnostic algorithm 

numb 1"S are r commellded for removal. The lower p lot also has a line delill at ing t he health, patches from the 
u 11he lthyones. T he results from P late 1 are sho vn in F igmes lO (a ) and 10(b ) and the results from P late 2 
are shown in F igures 10(c) and 10(d). When the algorithm w s run on each pl' te , severa l sensors on the solid 
aluminum p late were recommended for replacement and one sensor on the honeycomb plate was ecommended 
for replacement. T h 5e sensors w re replaced and the algorithm was run again on ach plate. Doth plates passed 
t he algorithm the sec nd time. It should be noted that t he honeycomb plate does have a grouping of values d ue 
to t he heterogeneous na ture of the material. 

The main advantage of looking for the change in the d ' ta in this m'-nner , is tha no absolute v lue for the 
effect of a sensor is required . T he lack of a required prc-stored ba 'eline allows this s. -t em to be us d on vari ty 
of structures with no training set required, A further test of the pro edure wa performed by hondi ng a sensor 
on each of t.he p lates a t a 50 percent bond area. T he sensors were bonded on each plate at the number seven 
loca.tion, and were bonded in the same manner as is shown in F igure 2(c), Admi t nce measurements were taken 
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F igure 10. Each p late passes t he sensor test after t he recommended un healt,hy sensors are removed an new sensors are 
bonded iII their place 

wi h all the healthy sensors from Figures 10(h) and 10(d) except the debonded PZT sensor located at. posi tion 
number seven. T he result ing measurements are shown in F igure 11. From he two plots the algorithm correctly 
ident ifies the poorly bonded PZT on the solid aluminum plate and t he honeycomb plate. 

III ord 'I' to compCllsatc fur temperature aud C' I1Virull111cut al effects we propose that multiple 8ellsors situ ld be 
llsed in a. given SHM system whenever possible. T hese extra sensors provide redundaucy for measurements and 
allow for (tn efficient il nd l'r lit=l.blc method [or sensor diagnost.ics, T he 'maginary arlmi tt.anc:c slope comp8.rison will 
work with a group of sensors. Even during temperat ure changes, a ll t he sensors will shift the same percentage 
for any given temperat ure change, as seen in Section 3. Care does have 0 be taken to mak sure that the sensors 
being analYLled are exposed to the same environmental conditions, or false positives may occur. 

5. CONCLUSIOl~S 

The imaginary impedance measurement shows a great. deal of promise for use in the struct.uf<.1l health monit ling 
held as sensor diagnostic measurements , T he method can be readily used with sensor arrays with no pre-stored 
baseline measurements. The method can also distingu ish between sensor breakage and sensor debonding and 
give relative percentages of each type of sensor fai lure . In addit ion, impedance based measuremeut iu the lower 
freq uen y rang s ropos J here are more easily implemented wit h current ly available hardwar , aud hav lower 
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Figure 11. The algorit hm correctly identifies the de bonded sensor on the solid plate and over estimat es the !lumber of 
damaged sensors on t he honeycomb plate. 

power requirements than other methods. Future work on the method should include the development of the 
single sensor procedure to include a robust regression technique, or the search for a temperature independent 
feature of the impedance measurement. 
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