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Abstract— It is shown that human skin acts like a memris- I. MATERIALS AND METHODS
tor but systematic studies on skin memristance are not pub-
lished, yet. If eg., alow frequency voltage is applied to human
skin and the current is measured, a hysteresis loop can be seen A. Example measurements
in the voltage-current plot. In skin measurements, the pinched
point of the hysteresis loop can be shifted from the coordinate The example measurements were done on two healthy
origin. In this paper, possible reasons for this observation shall  test subjects (male and female, age: 29 and 24 years) in
be investigated and interpreted by the use of smulation. Two  March and April 2017 at the University of Oslo. A custom-
example measurements on human skin are presented, aswell. built three-electrode measurement system that is based on
the one presented in [7] is used for the recordiAgson-
stant AC voltage with amplitude 2 V and frequency 0.1 Hz
was applied to the skin for two periods and the corredpon
ing current was measured. Signal generating and reading
were done with 500 samples per period.

As current carrying electrode, a saline solution (0.9 %
Non-linear properties can be observed in human skin #IaCI) was used and the left hanq was placed in it during the

recording. The voltage was applied to the solution byrseve

g aopied L 21 1 e obner vl 3 AgiagC eecroes. T rfeeraectode vas piced
P y ' ' in the center of the left forearm on the ventral side in 4 cm

human skin apts Iikg a memristor [3]. A model bqseq on th istance to the wrist. The same applied to the measuring
?hlfoeryatt;]%nzI&Eg_gggﬁg'eﬂggagaﬁg::ttﬁgr}garlgstéorr]nS(')ngectrodé with the diffe_rence that the distance to the wrist
changing the level of sweat duct filling. Sweat ducts, thaﬁas ! em. Tlhet regordlngslwer((je started 5 minutes after the
are highly filled, will conduct electrical current very well, easuring electrode was placed.
while the resistance of less filled ducts is much higher. If
e.g. a low frequency sinus voltage is applied to the skin, thB. Smulation

filling of the ducts will change during a period, causing a ] ) ] o
change in the measured current. The resulting V-1 plot will The memristor model used for the simulations in tiais p
show a pinched hysteresis loopA “memristor” Per is based on theP — memristor, presented in [6lts
(composition of “memory” and “resistor”) is defined as the ~ Memristance (in analogy to resistance) is dependent on an

fourth electrical passive element and was first introduced iifternal staté The equations that describe the memristor [6]

Keywords— Skin memristor, Bioimpedance, memristor-
capacitance- parallel connection, non-linear properties.

I. INTRODUCTION

[4] and a pinched hysteresis loop is‘ifsigerprint” [5]. are given by

'_I'he V-1 plots of skin memristor measurem_ents can vary M(x) = Rop - X + Rops - (1 =) (1)
quite largely between measurements and subjects. Irgbiolo dx _ ty-Ron 5
ical systems in general (like human skin), the position of the a bz n(® @)

pinched point is shifted from the coordinate origin. [5].

In this paper, the influence of a DC offset to the applied
voltage and a capacitance in parallel to the memristor shall
b? Inves“g.ated .as possible origins for the shift of the Type: Kendall 1050NPSM which is a pre-wired Ag/Agéléctrode that
pinched point. First, two example measurements on humanig pre-gelled with a solid hydrogel (active area &:68).
skin will be presented to show its properties. Secondj-sim?2 Type: Pre-wired dry Ag/AgCI electrode with an aetiarea of 0.288n7
lations based on the Hewlett Packard (HRhemristor [6] from the company Wuhan Greentek PTY LTD. Tape is usetdar to
are done, in order to investigate the effect of both, an offsgt ttach the electrode to the skin.

. Betermined by the expansion of a doped titanium dsxegion vs. an
and a parallel capacitance, on the V-I-plot. undoped one of the same material.
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with the normalized width x as the internal statm the can be seen since the amount of the current is slightly
used presentatidnx can range from 0 to 1 and the initial smaller in the second period. In figure 1 b) the pinched
state y describes the internal state at the beginning of thpoint of the hysteresis loop in the second period is located
simulation. In order to consider saturation a windowcfun in the first quadrant like indicated by the arrow.

tion [8] is used. The simulations in this paper were done by
the use of Maple (Version 2016.2). The differential &qu
tions were solved numerically by the use of the Fehlberg
fourth-fifth order Runge-Kutta meth8dSeveral simulation
results based on the same equations and algorithms are
shown in [9]. Each simulation in this papgidone over two 5 i
periods by the use of a constant sinus voltagst)) with -10
amplitude 2 V and frequency 2.5 Hz as source. The current -20
through the memristor can be calculated by
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with V (t) as the voltage over the memristor Fig 1. Real measurements: V-I plots obtained from two elamgastLe-

| M lati 1 the infl faDC ff he V ments on skin. The recordings were done on the leftrioreser two

n simu gtlon , the _m uence O a . offset on t "~ periods Applied sinus voltage: f = 0.1 Hz, amplitude = 2 V, (@andC
plot of a single memristor was investigated. Thus, a DGavel offset of 0 V). a) Subject 1, b) Subject 8lysecond period.
offset of -0.1V was added to the applied voltage. Thke r
sulting current was plotted against the sinus voltage witho

the DC offset (see IV Discussion for further explanation).
_ Ina secono_l simulation, the influence of a capa_citance that |, figure 2, the results from simulation 1 (effect of a DC
is connected in parallf-:-l on the V-I-plot was mv_estlgated. offset on the V-I plot) are shown. The position of the

T_he _oyerall current in the memrlstor-capamtance-paralI%inched point is the same in both periods and indicated by
circuit is described by an arrow. The amount of the current is slightly smaller in
LSTS))"' C. % (4) the second period.

Lg. V-I plots obtained by simulation

Ipara(t) =Iu® + 10 =

with a capacitance value of 300 nF used in this paper. The
simulation was done for two different initial states(3
and 0.4) of the memristor.

. REsuLTs

A. Results from the example measurements

The two example measurements recorded on human skin 1. Period == 2. Period)
are shown in figure 1. The pinched points of the hysteresis
|00ps of both periods in ﬁgure 1 a) are located in the first Flg 2. Simulation 1Influence of a DC offset on the V-I-plot of a single
_ ; : i~ HP memristor obtained by simulation over two periods. stant sinus
quadrant Of th.e V- pIOt and. (.:lose to the. Coordmat.e qugln voltage with f=2.5 Hz, amplitue:2 V, and a DC offsetf -0.1 V is used
The arrow indicates the position of the pinched point in thef the simulationThe scale on the voltage axis is treated as there would
second period, which is similar to the one in the first period. be a DC level offset of 0 V. The initial statewas 0.3.

A small cumulative state change from period one to two

The results of simulation 2 (parallel connection of a HP
P B o am s memristor and a capacitance) are presented in figure 3. In
Ron = 0.1k, Rogy =16 kA, y, =107 57, D =10""m the presented V-l plot the hysteresis curves for two different

S
5 Equations (1), (2) are slightly adapted in this papetead of the total . ... : :
length w of the doped region, the normalized (to deregth x is used. initial states of the HP memristor are shown. Each simul

® Initial numerical method in Maple the command “dsolve” is used and ~ 1ION run is done over two perioc_:is. NO Qumma}tive state
the option “type=numeric” is chosen. change over periods occurred in this simulation and the

" E.g. memristance change over time for a single HP memifstocan-  cyrves from the first and second period of each run are
stant AC voltage is applied.
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overlapping. The two arrows indicate the differentipos to avoid states of very low memristance, a much higher
tions of the pinched points of both simulation runs. signal frequency was used for the simulation (f=2.5 Hz)
than it was used for the measurement (f=0.1°+&4)ll, the
simulated current was about 10 times higher than thes-mea
ured current.

However, independent of the chosen m&ti¢he simua-
tions provide general insights on how a DC offset and a
capacitance in parallel will influence the V-I-plot and the
position of the pinched point in the hysteresis curve. These
influences will also affect skin measurements.

The two measurements that are presented in figure 1 are
just examples to demonstrate the shift in the pinched point.
Variances in terms of skin conductance and e.g. thé-max
mum current and the area of the loop in the V-I plot can be
expected among several test subjects and runs, which is not
subject of this paper.

——X%y=04-- x,~0.3

Fig 3. Simulation 2: V-I-plot of a HP memristor in pheawith a capacitor

(300 nF) obtained by simulatioithe results of two different simulation
runs are presented in the plot. A constant sinus voltége=2.5 Hz,

amplitude=2 V, (and a DC offset of 0 V) is used fortbdthe initial state B. Influence of a DC offset

Xo of the HP memiristor differed between the runs asshown in the End tential turall ki d
legend. Each simulation run was done and is presemtdwo periods, ndogenous potentials appear naturally on skin and vary

which cannot be seen since the results do not differdeet periods. among different skin sites. Potential differences between the
reference electrode and the measuring electrode will add as
a DC offset to the applied voltage. A possible half-cell p
v. DiscussioN tential caused by the use of different electrode types will
add as an additional DC offset. While the latter one can be

) ) _ reduced by the electrode choice, it will be difficult taneo
A. Difference between the skin menristor and the HP model o] the skin potential difference offset. In order to reduce its

The HP memristor model and the skin memristor are ¢1CCUrTence, skin sites of same potential can be used for the

course different. The hysteresis curve of the used HBacordlng [10.

memristor model is symmetric regarding the coordinat To investigate the effect of any DC offset, a voltage of -
- y 9e 9 "9.1 V was added to the sinus voltage source in simulation 1.
origin and does not change over periods if a constant sin

voltage without offset is appliéd This means that the Yhe value was chosen based on the example measurement

ternal state change happens with the same speedath that is presented in figure d). In this case, the current in

e . ; ; he second period became slightly smaller. Nevertheless, it
directions (decreasing and increasing). However, the state S
) ) . —_1S also observed in similar measurements that the amount of
change of a skin memristor may happen unsymmetricall

since it is likely that filling of the sweat glands occurs fasterXurrent Increases over periods (unpublished results). If a DC

than emptving. As a consequence the cumulative Sta%‘fset of e.g. +0.1 V is chosen for the simulation instead, the

ptying. q . amount of current will increase over periods which is in
change over periods can probably also happen in absencea(():cordance with the observations that were done before and
a DC potential. Another difference between the ski . . . - .

. : . he fact that the skin potential difference will add as a-pos
memristor and the HP memristor model is the range of tht(lave offset
mgm:;:ﬁ?iﬁéé;fsTfﬁgmmgﬁﬁst& nlc6ekisr11 ]ca(\)rsli?ne rﬁzzgulr_'elzr)ne For the measurements in this paper, a constant voltage

' - .%urce is used and the current is measured. In the V-I-plot
depends on the used measuring electrode type and SiZs

With the used setup, the lowest and highest values of trg%\Ch measured current value is plotted against the-corr

skin memristor are about 50 times larger than the ofies %ondlng voltage value which is given by the voltage

the HP memristor model (experiences from an unpublishe&ource' Because of the DC offset that adds to the applied

systematic study). To obtain somehow comparable results te
the skin measurement, initial states of high memristancgrhe higher the frequency the smaller the state change.

_ ; ; In [3] a model of skin memristance is suggested buttRememristor
(%=0.3 and ¥=0.4) were used for the simulation. In Ordermodel was used for the simulation since it is much bettawin

8 This statement is only valid as long as the HP memrisies dot reach
its maximum or minimum value during one period (see [9]).
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voltage, the actual voltage over the skin is different. Tan parallel and a DC offset will contribute naturally to the
consider this fact, two different voltages are used fousim measurement.
lation 1. One with an additional offset that is used for the ACKNOWLEDGMENTS
simulation and one without the offset that is used to relate
the calculated current values and plot them in the V-I-plot. This work has been performed within DIATECH@UIO, a styat re-
Each DC offset will shift the pinched point among thesea_lrch i_nitiative of the Faculty of Mathematics anduR&tSciences,
voltage axis. This shift is independent of the actual state &f"iversity of Oslo.
the memristor.
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