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ABSTRACT 

The impedance and phase angle of skin as functions of frequency were de-  
termined by Laplace  plane analysis  of the  t ime domain current resul t ing  
f rom an ex te rna l  vol tage per turba t ion .  Bode plots of these functions es tab-  
l ished a passive equiva len t  circuit  model  for skin  impedance  which  is val id  
over  a wide range of frequencies.  Typical  values  for the  model  circuit ele-  
ments  are  given for ten human subjects. 

The elect r ica l  p roper t ies  of any  biological  tissue 
depend on its intr insic  s t ruc ture  and, for  in vivo 
studies, on the funct ional  s tate of the  organism. For  
the  case of human  skin, the  impedance  can v a r y  wi th  
the thickness and mois ture  content  of the s t r a tum 
corneum, the concentra t ion and ac t iv i ty  of sweat  
glands, localized in jury ,  the  age of the  subject,  and 
env i ronmenta l  factors such as t empera tu re  and hu-  
midi ty .  Seasonal  and d iu rna l  var ia t ions  have been 
measured: For  example ,  the  d-c  resis tance of skin 
tends to increase  dur ing  sleep. Sho r t - t e rm  fluctuations 
are  the basis for var ious  moni tor ing  techniques,  in-  
cluding the e lect rocardiogram,  e lec t roencephalogram,  
and impedance  p le thysmography .  Changes in impe-  
dance are  also associated wi th  the psychological  s tate 
of the s u b j e c t  (1). 

Studies  of the  a -c  impedance  of biological  systems, 
inc luding human  skin, have genera l ly  involved di rec t  
measuremen t  of the impedance  and phase  angle as 
functions of the  f requency of the appl ied  vol tage  
or  cur ren t  (2-5). A n y  such measurement  over  a wide 
range  of f requencies  tends to be cumbersome and 
t ime-consuming.  Measurements  wi th  an impedance  
br idge  have  the addi t ional  d i sadvantage  tha t  some 
a priori assumptions  must  be made  regard ing  an equiv-  
a lent  c ircui t  for  the skin impedance.  Other  repor ts  
have  presented  approx imat ion  methods  for der iv ing  
the equiva lent  circuit  components  f rom the cur ren t  
response to a square  vol tage pulse input  (6, 7). Bur ton  
(8) appl ied  Bode analysis  to measurements  of the  
skin impedance  and phase  angle. By means of this 
method a passive equiva lent  circui t  can be synthesized 
for any  e lec t r ica l  "black box" f rom plots of its im-  
pedance and phase angle vs. frequency.  The only 
assumpt ion requ i red  is that  the system consists solely 
of passive l inear  lumped  circuit  e lements  (8, 9). Even 
though the resul t ing model  is not  necessar i ly  unique 
(8), i t  must  represen t  the  system accura te ly  in the 
f requency  range studied. 

By ex tending  this technique one step further ,  the  
ent i re  f requency spec t rum of any  system can be 
computed  by  app ly ing  a Laplace  t ransformat ion  to 
the cur ren t  response to an a r b i t r a r y  vol tage pe r -  
turbat ion,  thus e l imina t ing  the tedious process of 
p o i n t - b y - p o i n t  measurement  of the impedance  and 
phase angle. 

Method 
In o rder  to obta in  the impedance  of a sys tem as a 

funct ion of frequency,  the input  vol tage pe r tu rba t ion  
V(t )  and the resul t ing  cur ren t  l ( t )  must  be con- 
ver ted  f rom the t ime domain  (t)  to the complex 
f requency  domain (s).  This may  be accomplished by  
means  of a Laplace  t ransformat ion.  The t r ans fo rm 
F ( s )  of a t ime domain  function f ( t ) i s  defined as 

Key words: transient analysis, skin equivalent circuit, galvanic 
skin response, Laplace plane analysis. 

SO ~ F ( s )  = i ( t )  exp (--s t)dr [1] 

where s --  ~ -{- j~ denotes the complex f requency 
plane wi th  real  axis ~ and imag ina ry  axis  j~ (9-11). 
The in tegra t ion  (1) can be car r ied  out along e i ther  
t h e  real  or imag ina ry  axis of the  complex f requency  
plane.  Considering the rea l  axis (s --_ ~) 

o ~ F(~)  _-- ] ( t )  exp ( - - a t ) d r ,  a > 0  [2] 

This in tegra l  exists for any  converging function f ( t )  
exp ( - -~ t ) .  Per forming  real  axis t ransformat ions  on 
both V(t )  and I ( t ) ,  we can define the rea l  axis im-  
pedance of the system as 

Z ( ~ )  = V ( ~ ) / I ( ~ )  [3] 

The analogous imag ina ry  axis Laplace  t ransformat ion  
(s --  j~) is given by  

~O ~ F ( j ~ )  = ] ( t )  exp  ( - - j ~ t ) d t  [4] 

equivalent  to a one-s ided  Four ie r  t ransform.  The 
corresponding imag ina ry  axis impedance  funct ion is 

z ( j ~ )  = v ( j ~ ) / z ( j ~ )  [5] 

Z( j~ )  is a complex function wi th  a real  component  
ReZ(~)  and an imag ina ry  component  ImZ(~)  which  
define the phase angle  

r = tan- l [ ImZ(~)  /ReZ(~)  ] [6] 

A FORTRAN prog ram for both  real  and imag ina ry  
axis Laplace  t ransformat ions  has been developed by  
Pi l la  (10, 11). The input  da ta  are  points defining V( t ) ,  
an a r b i t r a r y  vol tage per turba t ion ,  and I ( t ) ,  the cur-  
rent  response of the system under  observat ion  f rom 
t ime t _-- 0 to the t ime at  which I( t)  reaches its d-c  
limit.  The p rog ram is wr i t t en  for a V(t )  which in-  
creases f rom zero to some final constant  value  and 
an I ( t )  r is ing from zero to a single m a x i m u m  before  
decreasing to its d-c  l imit .  We found tha t  the subject  
cur ren t  matched  these constraints.  The output  da ta  
include Z(~) ,  ReZ(~) ,  I m Z ( ~ ) ,  and r  as functions 
of f requency over  any r range. The highest  
a t t a inab le  f requency range  is p ropor t iona l  to the 
rec iprocal  of the smal les t  t ime af te r  t ~_ 0 at  which 
both V(t )  and I( t )  are  measurable .  The Laplace  
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t ransform method of obtaining these functions is 
pa r t i cu l a r ly  advantageous  in tha t  Z(~) and Z( j~)  
are  theore t ica l ly  independent  of the proper t ies  of the 
measur ing  electrodes,  p rovided  that  these are  as nea r ly  
ident ical  as possible (11). 

Experimental Procedure 
The vol tage  V( t ) ,  a pulse  wi th  a r ise t ime of 10 

#sec, a dura t ion  of 100 #sec, and a m a x i m u m  ampl i tude  
of 1V, was d isp layed  on one channel  of a Tek t ron ix  
564 dua l - t r ace  oscilloscope; the subject  cur ren t  I( t )  
was d isp layed  on the second channel  (see Fig. 1). 
P r e l i m i n a r y  studies ind ica ted  tha t  a pulse dura t ion  
of 100 #sec was sufficiently long to es tabl ish the d -c  
cur ren t  l imi t  for al l  subjects.  The in te rva l  was set 
at  1000 ~sec (10 t imes the pulse dura t ion)  th roughout  
the study. The resul t ing  d i sp lay  was adequate  for 
pho tography  at  sweep ra tes  s lower than  0.2 ~sec/cm. 
Af te r  the skin  has been cleaned wi th  90% ethanol  
and h y d r a t e d  wi th  dis t i l led  water ,  two 1 cm d iam 
ca rbon- impregna ted  conduc t ing- rubber  e lectrodes 
(modified LIDC electrodes,  Ri t te r  Company)  were  
appl ied  to the dorsal  surfaces of the hand and upper  
forearm, both in areas  devoid of cuts, abrasions,  or 
p igmented  moles. We found that  the  resul ts  obta ined  
wi th  these electrodes were  comparable  to those wi th  
meta l  electrodes,  wi th  the  advantages  of g rea te r  flex- 
ib i l i ty  and ease of applicat ion.  In  o rder  to s tudy the 
skin  in as physiological  a s tate as possible, no elec-  
t rode  pas te  was used. The ensuing oscilloscope d isp lay  
of V(t)  and I(t)  was photographed  for la ter  analysis ;  
typica l  curves are shown in Fig. 2. Severa l  exposures  
at  sweep speeds ranging  i rom 0.5 to 10 ~sec/cm were  
needed to obta in  sufficient da ta  for subsequent  m a t h -  
emat ica l  analysis.  This p rocedure  was repea ted  on a 
to ta l  of 10 volunteer  subjects.  
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Fig. I. Potentiostatie circuit for the study of skin impedance. The 
power supply consisted of a Tacussel model PP, T-20-010-MOD 
potentiostat (A) with output impedance Ro, controlled by a model 
GSTP-10 pulse generator, applied to the subject. The voltage 
V(t), a pulse with o rise time of 10 ~sec and a duration of 100 
~csec, was displayed on one channel of o Tektronix 564 storage 
oscilloscope with a 3A6 dual-trace input and 3B4 time base. The 
subject current response I(t), proportional to the voltage across a 
smell series resistor Rm, was displayed an the second channel. 
The model shown for the subject is a standard equivalent circuit 
for the a-c impedance of human skin (1,3,6,8). 

Fig. 2. Typical response curves at 2 ~sec/cm. The upper trace is 
V(t) at 0.2 V/cm; the lower trace is I(t) at 5 ~A/cm. 

Points  defining V( t )  and I ( t ) ,  t aken  from the photo-  
graphs,  were  used as the  input  t ime domain  da ta  for 
rea l  and imag ina ry  axis Laplace  t ransformat ions  per -  
formed for each ind iv idua l  test  by  means of a FOR-  
TRAN program for numer ica l  in tegra t ion  (10, 11). 
To a t ta in  an upper  f requency l imi t  of 1 MHz, i t  was 
necessary to record  V(t)  and I(t)  f rom t = 0.1 ~sec, 
wi th  no more  than  a 10% var ia t ion  in e i ther  p a r a m -  
eter  be tween  successive da ta  points. These conditions 
requi red  50-70 such da ta  points  pe r  test. The output  
of the p rog ram included the phase angle and rea l  
and imag ina ry  components  of the impedance  as func-  
tions of f requency  (d-c  to 1 MHz).  

Results 
Analysis  of the  f requency  domain da ta  for  human  

skin resul t ing  f rom the rea l  and imag ina ry  axis La-  
place t ransformat ions  es tabl ished tha t  al l  of the  im-  
pedance vs. f requency curves were  of the same form, 
and could be descr ibed by  the rea l  impedance  funct ion 

Z( r  = R1 + 1 / (aC + 1/R~) [7] 

This corresponds to a s imple R-C circui t  (see Fig. 1) 
found by  Bur ton (8) to be an adequate  represen ta t ion  
of the skin impedance.  Similar ly ,  the  da ta  f rom the 
imag ina ry  axis t r ans format ion  y ie lded  the complex 
impedance  

Z(j~) = R~ + 1/(1/R2 + j~C) [8] 

Z( j~)  could be separa ted  into its real  and imag ina ry  
components  

and 
ReZ(~) = Rz -t- 1 / (~2C ~ + l/R22) [9] 

I m Z ( ~ )  = --wC/ (~C 2 + 1/Rz ~) [10] 

wi th  a phase angle  

r (~) = tan  -z  (~C/[1 + Rz (~2C~ + l iE2 ~) ] [11] 

Once the form of the equivalent circuit was estab- 
lished, it was not necessary to repeat the entire ana- 
lytical procedure for each individual test. When ana- 
lyzing large  volumes of data, the  model  circuit  com- 
ponents  (RI, R2, and C) could be der ived  f rom the 
appropr ia t e  low and high f requency l imits  of these 
functions (10, 11). These are  l isted in Table  I. 
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Table I. Low (R2~C < <  I) and high (R2~C > >  I) frequency 
limits of Z(~), ReZ(~), ImZ(~), and ta~ q~ (~) 

R~o~C << 1 lhr >> 1 

z(r R~ + R2 R~ + l/aC 
ReZ(~) R1 '+ R2 R1 + 1/R~2C ~ 
/mZ(m) --~CR~ --l/toO 
tan r -~oCR~/ (R~ + R~) - II~,CR~ 

In  this case, the low f requency l imi t  of both  Z(~) 
(~CR2 < <  1) and ReZ(~)  (~CR2 < <  1) is Rl + R2. 
j ImZ(~)  I vs.  ~ is a s t ra igh t  l ine th rough  the origin 
wi th  slope CR2 2. At  high frequencies  (aCR2 > >  1; 
(~CR2 > >  1) I ImZ(~)  I vs. 1/~ becomes a s t ra igh t  

l ine wi th  slope 1/C; Z(~)  and ReZ(~)  a re  l ines wi th  
in tercepts  R1 and slopes 1/C.  Sample  curves are  given 
in Fig. 3. Al l  the equiva lent  circui t  e lements  can be 

de te rmined  f rom the resul ts  of e i ther  t ransform:  it 
is not  necessary to the analysis  to pe r fo rm both rea l  
and imag ina ry  axis t ransforms.  

Values of R1, R2, C, and the min imum angle ~bmin 
for al l  10 subjects  a re  l is ted in Table II. These resul ts  
a re  compat ib le  wi th  those of ea r l i e r  studies. As noted 
b y  P lu tch ik  (4), the phase angle  appa ren t ly  va r ied  
much less be tween subjects  than  did the  other  p a r a m -  
eters  (see Table  I I ) .  The equiva lent  circui t  is va l id  
for a l l  ana tomica l  locations. The ac tua l  values  of the 
circui t  e lements  would, however ,  v a r y  wi th  locat ion 
for each individual .  For  example ,  the d-c  resis tance 
(Rl + R2) of the dorsum of the  hand  tends to be 
h igher  than  tha t  of the pa lm  (1). R2 represents  the 
d-c  resistance of the  s t r a tum corneum, p r o b a b l y  sep-  
a ra t ed  by  a discrete basal  cell  membrane  f rom the 
inner  t issue res is tance R1. An  in jury ,  such as a p in -  
prick,  resul ts  in a significant drop in the  measured  
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Fig. 3. Typical results of an imaginary axis Laplace transformation. (a) ReZ(~) vs. ~ and I ImZ(~) I vs. ~;  (b) ~ (~ )  vs. ~; (c) I 
ImZ(~) I vs. ~ at low frequencies, (R2wC<<I )  has slope CRy2 and intercept O; (d) I ImZ(w) I vs. 1/~ at high frequencies, ( R ~ C > > I )  
has slope 1 / C .  
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Table II. Mean values of R1, R2, C, and Cmin for each of 10 
subjects 

Sub- 
ject R I ( K ~ )  R ~ ( K g )  C ( p f )  C m J n ( d e g . )  

1 17.8 • 4.1 768 • 299 298 "4- 15.6 - 7 2 . 7  -~ 1.3 
2 2.06 • 0.08 15~ • 126 1730 --  226 - 75.3 • 6.0 
3 17.5 *- 0.6 292 ----- 34 252 • 2.8 -63.2 • 1.8 
4 2 9 . 9 •  561~- 50 1 6 5 •  - 6 4 . 6 + 1 . 4  
B 6.51 • 1.80 344 • 14 430 • 45 - 73.0 • 7.5 
6 6.19• 186•  720•  -69.7-----0.9 
7 6.72 • 0.40 224 • 28 177 ----- 15 -70.6 ----- 1.7 
8 212 • 2.1 1900 • 156 47.7 ----- 0.3 - 5 4 . 9  ----- 1.3 
9 199 -4- 15 2480 --  240 35.8 ---+ 4.6 - 5 9 . 5  • 0.3 

IO 5.89 ---+ 0.4 112 ----- 9.9 8~3 • 13 - 64.8 • 0.3 

d-c resistance in tha t  area, fol lowed by  a r e tu rn  to 
the normal  level  dur ing  healing. I t  is at  present  un-  
clear  whe ther  C is a s t ruc tura l  or  mere ly  a polar iza-  
tion capacitance.  If the former,  i t  could be de te rmined  
by  the dielectr ic  proper t ies  of skin  in conjunct ion 
with  the deta i led  s t ruc ture  of the epiclermis (1). 

Conclusion 
Data on the t ime domain cur ren t  response of human  

skin to an ex te rna l  vol tage pe r tu rba t ion  have been 
subjected to a Laplace  t ransformat ion,  y ie ld ing  the 
impedance  and phase angle  in the f requency domain.  
Subsequent  Bode analysis  of this da ta  provided  a 
s imple equiva lent  circui t  for skin impedance,  ident ical  
to a s tandard  model  for the s t eady-s ta te  impedance.  

This technique could be useful  for the s tudy of the 
f requency  response of any  biological  system which 
can be descr ibed by an equivalent  circuit  composed 
of passive, l inear,  and lumped  circui t  elements.  Pi l la  
(10) has noted the des i rabi l i ty  of au tomat ing  the 
da ta - r eco rd ing  process for this technique, i f  indeed 
this should prove  feasible,  the technique of f requency 
domain analysis  would  g rea t ly  extend the s tudy  of 

t rans ient  responses, at  present  l imited to moni tor ing  
of resis tance or potent ia l  levels.  
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On the Normal Oxygen Potential at a Platinum-Oxygen 
Alloy Diaphragm Electrode 

James P. Hoare* 

General Motors Research Laboratories, Electrochemistry Department, Warren, Michigan 48090 

ABSTRACT 

P la t inum foil e lectrodes were  c lamped be tween  the compar tments  of a 
dual  Teflon cell. The rest  potent ia l  on the front  side of the Pt  d i aphragm in 
contact  wi th  O2-saturated 2N H2SO4 solut ion was observed whi le  the back 
side was in contact  wi th  aerated,  concentra ted  HNO~. A value  of 1.227V was 
observed on a P t  foil 0.00127 cm thick af ter  54 hr  in contact  wi th  HNOs and 
1.221V on a foil 0.00762 cm thick af ter  358 hr. This is the first t ime that  the  
revers ib le  potent ia l  has been repor ted  on a p re reduced  Pt  surface. The th ick-  
ness effect is in agreement  wi th  the proposed model. 

I t  has been shown (1) tha t  the rest  potent ia l  on 
a Pt/O2 elect rode is a mixed  potent ia l  and the local 
cell  is composed of the cathodic reduct ion of O2 

02 + 4H + -~ 4 e ~  2H20 [1] 

and the anodic oxida t ion  of P t  

P t  -t- H20 ~ P t -O  + 2H + + 2e [2] 

Since Pt  is not iner t  to oxygen,  the es tabl ishment  of 
the local cell prevents  the potent ia l  f rom rising to 
the revers ib le  value  of 1.229V. A s teady s tate  is reached 

* Electrochemical  Society Active Member. 
K e y  w o r d s :  o x y g e n  e l e c t r o d e ,  n o r m a l  o x y g e n  p o t e n t i a l ,  p l a t i .  

n u m - o x y g e n  a l loy ,  rest potential,  p l a t i n u m  d i a p h r a g m .  

when the ra te  of format ion  of the adsorbed oxygen  
layer ,  Pt-O,  by local cell act ion equals the ra te  of 
dissolution of oxygen  in the Pt  meta l  most l ike ly  by  
a p lace -change  mechanism (2, 3) 

P t - P t - O  ~ P t - O - P t  [3] 

At  this point, the coverage, e, of the surface wi th  
adsorbed oxygen is about  0.3 and the rest  potent ia l  
has a value  of 1.05 • 0.01V (1). There  is abundan t  
l i t e ra tu re  (4-9) indicat ing that  oxygen can dissolve 
in P t  metal .  

To observe the normal  oxygen potent ia l  (1.229V), 
it  is necessary to suppress the local cell action. One 
way  to do this is to genera te  a complete,  conduct ing 
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