
CHAPTER 5

MODELING OF SKIN IMPEDANCE

As discussed in section 2.1, skin has a complex structure. However, Meglinski et al.

[4] and master of science thesis of Green [5] have proposed a layered architecture for

skin as depicted in Figure 2.3, and Figure 2.4. Each tissue layer consists of different

type of cell membrane. Current pass through a cell membrane to another cell

membrane is govern by two properties of the cell membranes; dielectric properties

(dielectric constant, resistivity etc.) and voltage gradient across the cell wall. It

is a functions of the chemical composition of the intra and extra-cellular solution.

Before stepping into the skin impedance modeling it is essential to understand the

impedance characteristics of the measurement environment which can causes to

measured skin impedance.

5.1 Modeling of Measurement Environment

According to the measurement environment depicted in Figure 3.9 measured skin

impedance includes not only the skin impedance but also the impedance of co-axial

probe (RG316), MMCX connectors, CARSA sensor, and microstripline.

5.1.1 Co-axial Probe and MMCX Connectors

The co-axial probe can be approximated to series-connected resister and inductor

and shunt-connected capacitor and conductance [55]. However, this conductance

value is too small since dielectric material (PTFE-teflon) between center and outer

conductor has very high resistivity (volume resistivity >1018 Ω.cm, surface resistiv-

ity >1018 Ω.sq [56]) resulting good isolation between center and outer conductor.

Hence equivalent circuit for co-axial probe can be approximated as Figure 5.1.
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Figure 5.1: Equivalent circuit for co-axial probe and MMCX connector

� Shunt capacitance per unit length, in Fm−1,

C =
2πε

ln (D/d)
=

2πε◦εr
ln (D/d)

(5.1)

� Series inductance per unit length, in Hm−1,

L =
µ

2π
ln (D/d) =

µ◦µr
2π

ln (D/d) (5.2)

Where, d is the outer diameter of the inner conductor and D is the inner

diameter of the shield. Moreover ε, εr, µ and µr has their usual meaning.

� Series resistance is just the resistance of inner conductor and the shield.

MMCX connector is also a co-axial probe with a very small length. Hence, it

can also be modeled as Figure 5.1. Since these two components are connected in

series, calculation of R, C, and L value has been done in a single step by assuming

these two component as a single co-axial probe.

5.1.2 Annular Ring and Microstrip Transmission Line

CARSA sensor consists of concentric annular rings. As discussed in chapter 3,

CARSA can be modeled as a parallel gap-coupled coplanar strip lines. Single

strip line can be modeled as parallel combination of R-L-C [50,50,57]. Moreover,

microstrip transmission line is also can model as parallel R-L-C combination. Fur-

thermore, signal transmission from co-axial to microstrip can be model as parallel

R-L-C combination. These three components are connected in series. Hence equiv-

alent impedance model for these three components can be represented from single

R-L-C parallel combination as shown in Figure 5.2.
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Figure 5.2: Equivalent circuit annular ring, microstrip line and co-axial to mi-
crostrip interface

5.1.3 Air Gap Capacitance

Electrical signal coming from inner ring of CARSA coupled with outer ring of

CARSA via air. Cross-sectional view of CARSA across a diameter and EM flux

coupling can be given as Figure 5.3.

Substrate 
( r)

Air

Skin

W1 W2SW2 W1S 2r

+V +VGnd Gnd

Electrical field 
lines

Magnetic wall

Figure 5.3: Side view of CARSA and electrical field distribution

Since two inner conducting strips have a positive voltage and outer strips have

negative (or zero) voltages, at the center of CARSA, a magnetic wall is generated.

Because of that the CARSA has an even mode electrical energy coupling. Moreover

either side of the magnetic wall is identical. Hence it is enough to analyze one

side of the magnetic wall and it can be modeled as a parallel gap coupled coplanar

transmission line (slot line). As a result, EM energy coupled through substrate

and air can be modeled as a gap coupled capacitance as depicted in Figure 5.4.

62



Substrate 
( r)

Air

Ccup_substrate

Ccup_air

h

s w2w1r

Figure 5.4: Gap-coupling capacitance of CARSA

Calculation of Ccup air

The capacitance per unit length (Ccup air) of a slot line in the absence of the

dielectric substrate can be calculated from (5.3) [58].

Ccup air = 2ε◦
K(k′)

K(k)
(5.3)

Where, ε◦ is the permittivity of free space and K is the complete elliptic

integral of the first kind. The arguments k and k′ can be found from (5.4) and

(5.5) respectively.

k =

√
(2a) (b1 + b2)

(a+ b1) (a+ b2)
(5.4)

k′ =
√

1− k2 =

√
(b1 − a) (b2 − a)

(a+ b1) (a+ b2)
(5.5)

where

a = s/2

b1 = a+ w1

b2 = a+ w2

Calculation of Ccup substrate

If the electrical field exists only in the dielectric layer of the thickness h and the

relative dielectric constant of (εr−1) then the capacitance across substrate is given

by (5.6).
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Ccup substrate = ε◦ (εr − 1)
K (k′1)

K (k1)
(5.6)

Where the arguments k1 and k′1 can be found from (5.7) and (5.8) respectively.

k1 =

√
{exp [2π (b1 + a) /h]− exp [2π (b1 − a)]} {exp [2π (b1 + b2) /h]− 1}
{exp [2π (b1 + b2) /h]− exp [2π (b1 − a)]} {exp [2π (b1 + a) /h]− 1} (5.7)

k′1 =
√

1− k21 (5.8)

As sown in Figure 5.4, Cgap air and Cgap substrate are connected in parallel. Then

total coupling capacitance can be computed from (5.9).

Cgap cup = Cgap air + Cgap substrate (5.9)

5.1.4 CARSA Sensor

As discussed in section 5.1.2, single annular ring, microstrip transmission line and

co-axial to microstrip transmission can be modeled as parallel R-L-C combina-

tion. CARSA has two of such arrangements and electrical field from inner ring to

outer ring couple through air and the substrate when sensor is facing air. Hence,

equivalent circuit for CARSA sensor can be given as Figure 5.2.

L1 C1 R1

L2 C2 R2

Cgap_cup

CARSA 
inner ring

CARSA 
outer ring

Air Gap

Figure 5.5: Equivalent circuit for CARSA sensor

Moreover CARSA and coaxial cable are connected in series. Then the equiva-

lent circuit for measurement environment is given in Figure 5.6.
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Figure 5.6: Equivalent circuit for measurement environment

5.1.5 Measurement and Simulation

Using the network analyzer, two-port scattering parameters for measurement en-

vironment were measured when CARSA sensor is facing to air. Then the driven

point impedance for the measurement environment has been calculated with the

help of measured scattering parameters and (5.10) [53].

Z11 = Z◦
(1 + S11) (1− S22) + S12S21

(1− S11) (1− S22)− S12S21

(5.10)

The magnitude plot of the measured driven point impedance and the simulated

impedance for measurement environment is depicted in Figure 5.7.
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Figure 5.7: Comparison of Simulated and measured impedance for measurement
environment
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It could be seen that measured and simulated impedance curve follow the

same pattern. However measured impedance has an impedance shift throughout

the measured frequency band. It occurs due to input amplifier and TNC to co-

axial converter which are available with network analyzer and did not include in

simulation.

5.2 Cell Membrane and Ionic Conduction

The schematic diagram of the ion channel and cell membrane is illustrated in

Figure 5.8.

Intracellular 
solution

Extracellular 
solution

Ion chanel

Lipid bilayer

Figure 5.8: Ion channel and cell membrane

There is a lipid bilayer between intra- and extra-cellular solutions. These two

solutions connect via ionic channels which exist across the lipid bilayer. The ionic

channels enables ionic conduction between intr- and extra-cellular solution. The

activation and inactivation time of a particular ionic channel (Na+1, K+1, Ca+2)

is controlled by αi, β, γ and δ cell structures. These time constants are function

of potential difference across the membrane and ionic composition of extracellular

and intracellular solution. The resistance across the ionic channel can be found

from (5.11).

Rm =
1

gn
(5.11)

When activation and inactivation time have been taken into consideration,

ionic conduction of nth channel can be found from the modified Hodgkin-Huxley
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model (5.12) [59–63], [9].

gn = ḡnK
α
c ϕ

βχγ (5.12)

Where,

ϕ(t) = ϕ◦ −
[
(ϕ◦ − ϕ∞)

(
1− e−t/τϕ

)]
(5.13)

χ(t) = χ◦ −
[
(χ◦ − χ∞)

(
1− et/τχ

)]
(5.14)

ḡn = max [g] (5.15)

g =
σA

d
(5.16)

σ = (−1)ωε◦img (ε̂(ω)) (5.17)

and, α, β and γ are constant. τϕ and τχ are the time constant for activation

and inactivation, respectively. ϕ◦ and χ◦ are the initial values for activation and

inactivation respectively while ϕ∞ and χ∞ are the steady state value for activation

and inactivation respectively. Kc is newly introduced parameter to represent ionic

equilibrium between intracellular and extracellular medium. σ, ω, ε◦, ε̂, ω, A and

d have the same meaning as given in Chapter 2.

According to (5.17) σ is a function of radial frequency (ω). Hence, g becomes

a function of ω. Moreover g is a function of thickness of tissue layer (d) for a given

sensor as given in (5.16). As a result, ḡn becomes a function of ω and d. However

skin is not a rigid object. When an additional force is applied on a skin, it will

result lessen in thickness of tissue layer. the thickness of tissue layer for a given

force level on a sensor can be estimated from (5.18).

df = d◦

[
1 +

∑
∀i

(
αfiF

βfi
)]

(5.18)

Where df is a thickness of the tissue layer when F N force is applied on a

skin (sensor) and d◦ is the thickness of the tissue layer when the sensor is at the

proximity that force does not apply on a sensor. αf and βf are force coefficient

and force exponent respectively.

Moreover from the (5.15) and (5.14), ϕ and χ are time dependent. Hence,

gn (hence Rm) becomes functions of time. On the other hand, Tragear et al. [8]
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have shown the ionic mobility via ionic channel is increased with the temperature.

As a result, with the increase of temperature skin resistance decreases. This

temperature dependency can be modeled as (5.19).

Rmθ = Rm◦

[
1 +

∑
∀i

(
αtiθ

βti
)]

(5.19)

Where, Rmθ and Rm◦ are the ionic channel resistance at θ C◦ and 0 C◦ re-

spectively. αt is temperature coefficient and βt is temperature exponent. Hence,

ionic channel resistance becomes functions of time, frequency, temperature, force

on the skin (or sensor) and chemical composition at either side of the lipid bilayer;

Rm(t, ω, θ, f, c).

The remaining area (non ionic channel area) of the lipid bilayer has been

modeled as a capacitor and capacitance for that capacitor can be found from

(5.20) [59–63] where V̇ rate of change of voltage across lipid bilayer, I dielectric

current across the bilayer and C is the capacitance of the capacitor.

V̇ = CI (5.20)

It implies that, in the linear skin impedance region, lipid bilayer is an electri-

cally equivalent parallel plate capacitor and the capacitance of the capacitor can

be found from (5.21)

cm = ε◦εr
A

d
(5.21)

Where Cm is the capacitance of lipid bilayer and ε◦, εr, A, d has the same

meaning as Chapter 2. Dielectric constance of tissues (ε◦εr) are function of fre-

quency, time and chemical composition and the thickness of the tissue layer (d) is

a functions of applied force on a sensor as given in (5.18), lipid bilayer capacitance

becomes functions of time, frequency, force on a skin (or sensor) and chemical

composition at either side of the lipid bilayer; Cm(t, ω, f, c).
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5.2.1 Intracellular and Extracellular Medium

Intracellular and extracellular medium consist of ions and a liquid. These ions

are transferred from intracellular medium to extracellular medium or wise versa

to maintain an approximately constant voltage gradient across the lipid bilayer

when there is no external electrical field applied across cell membrane. Mobility of

these ions increases with the temperature [8]. Therefore, resistance through either

medium decreases with the increases of temperature. It materializes the existence

of negative temperature coefficient. Moreover conductivity of these media is a

function of time, chemical composition and frequency. As a result, resistances of

these media are functions of time, temperature, frequency and chemical compo-

sition. On the other hand, voltage gradient across the cell membrane varies with

the external electrical field. Hence these resistances are functions of strength of

the applied voltage as well. The resistance value can be calculated from (5.22).

Ri(ω, t, f, c, θ, v) = Re(ω, t, f, c, θ, v) =
V∑

∀i [(ICm)i + (IRm)i]
(5.22)

Where V is applied voltage across an anode and a cathode. ICm and IRm are

dielectric current through lipid bilayer capacitor and Ohmic current through ionic

channel respectively. Finally, cell membrane can be modeled as in Figure 5.9.

Nucleus

Intra-Cellular

Extra-Cellular

Membran

Rm(t, ω, θ, f, c)  

Ri(t, ω, θ, f, c, v)

Rm(t, ω, θ, f, c)

Cm(t, ω, f, c)Cm(t, ω, f, c)

Re(t, ω, θ, f, c, v)

Figure 5.9: Mathematical model for cell membrane
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5.3 Mathematical Model for Composite System

The composite system consists of the measurement environment and the human

skin. When the CARSA sensor attached with skin, composite system can be given

as Figure 5.10.

Co-Axial 
Probe

CARSA Inner Ring

Skin

CARSA Outer Ring

Figure 5.10: Block diagram of composite system of skin, CARSA and co-axial
probe

However, electrode-electrolyte interface also contributes some impedance to

the composite system. As discussed in section 2.6, electrode electrolyte interface

can be modeled as series connected R-C combination. Since skin is sandwiched

between two electrode rings, model for the composite system need to be modified

as Figure 5.11.

Co-Axial 
Probe

CARSA Inner Ring

Skin

CARSA Outer Ring

Electrode Interface

Electrode Interface

Figure 5.11: Block diagram of composite system of skin, CARSA, co-axial probe
and electrode-electrolyte interface.

Furthermore, inner and outer ring of CARSA are closed to each other. Hence

there will be an direct EM coupling through skin, air and substrate. It can be

modeled as parallel capacitors as depicted in Figure 5.12.
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Figure 5.12: Coupling capacitance through skin air and substrate

The skin has several tissue layers. Hence, to calculate coupling capacitance,

CARSA and skin need to be analyzed as asymmetric coplanar stripline on a multi-

layer dielectric substrate as depicted in Figure 5.13.

Substrate          ε0εrs

Skin Layer 1     ε0εr1

Skin Layer 2     ε0εr2

Skin Layer 3     ε0εr3

Skin Layer n     ε0εrn

ε0

ε0

h1

h2

h3

hn

hs ε0 ( εrs - 1 ) 

ε0 ( εr1 - εr2 ) 

ε0 ( εr2 - εr3 ) 

ε0 ( εr3 - εr4 ) 

ε0 ( εrn - 1 ) 

Figure 5.13: Coplanar strip line on multi-layer dielectric substrate

The effective coupling capacitance can be calculated from (5.23). The dielectric

constant of skin layers are functions of time, frequency and chemical composition,

coupling capacitance through skin layers are also functions of them.
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Cgap cup = Ccup air + Ccup substrate +
∑
i

Ci(t, ω, c, f) (5.23)

Where, Ccup air is the capacitance of the line in the absence of all dielectrics

and it can be found from (5.3). Ci(t, ω, c, f) is the capacitance across the dielectric

layer of thickness hi and relative dielectric constant of (εri − εr(i+1)) as shown in

Figure 5.13. Value for Ci can be estimated from (5.24) [58].

Ci(t, ω, c, f) = ε◦
(
εri − εr(i+1)

) K (k′i)

K (ki)
(5.24)

Where the arguments ki and k′i can be found from (5.25) and (5.26) respectively

and .

ki =

√
{exp [2π (b1 + a) /hi]− exp [2π (b1 − a)]} {exp [2π (b1 + b2) /hi]− 1}
{exp [2π (b1 + b2) /hi]− exp [2π (b1 − a)]} {exp [2π (b1 + a) /hi]− 1}

(5.25)

Eq45

k′i =
√

1− k2i (5.26)

Hence, mathematical model for the composite system need to be modified by

adding a coupling capacitor in between CARSA inner and outer ring and it should

be parallel with series combination of electrode-electrolyte interface and skin as

depicted in Figure 5.14.

As a result, mathematical model for composite system can be given as Figure

5.15.

5.3.1 Measurement and Simulation

Followed the same experimental procedure explained in section 5.1.5 and driven-

point impedance of the system is measured when CARSA sensor is attached to

the skin. Measured driven-point impedance and simulated impedance curve in a

frequency band of 1 ∼ 200 MHz is depicted in Figure 5.16.
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Figure 5.14: Block diagram for composite system of measurement environment
and skin
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Figure 5.15: Mathematical model for composite system of measurement environ-
ment and skin
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Figure 5.16: Comparison of simulated and measured impedance for composite
system

It can be seen from the Figure 5.16 two impedance curve follows same pat-

tern and measured impedance curve has impedance shift alone impedance axis as

section 5.1.5.

5.3.2 Blood Glucose Variation and Skin Impedance: Sim-
ulation

With the increases of blood glucose level, Rm, Cm, Ri, Re and Cgap cup in Fig-

ure 5.15 increase while other parameters keep constance. Simulated results for

impedance of the composite system for two distinct values for Rm, Cm, Ri, Re and

Cgap cup is depicted in Figure 5.17.
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Figure 5.17: Simulated of impedance for composite system at different blood glu-
cose level
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5.4 Mathematical Model for Human Skin and

Blood Glucose Spectroscopy

The impedance contribution from co-axial probe, MMCX connectors and CARSA

sensor is constant for each attempt of skin impedance measurement. Moreover

those impedance values do not vary with blood glucose level and/or skin (subject)

under test. Hence they need not to be considered for skin impedance model that

can be used to analyze blood glucose fluctuations. As a result, the impedance

model for human skin and blood glucose spectroscopy consists of three major

impedance sources that, skin, electrode-electrolyte interface and EM energy cou-

pling between inner and outer ring of CARSA as depicted in Figure 5.18.
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(a) Block diagram

2Cpol

Cgap_cup(t, ω, f, c)
2Rm(t, ω, θ, f, c)

Cm(t, ω, f, c)/2

Ri(t, ω, θ, f, c, v)
Re(t, ω, θ, f, c, v)

Rpol/2

Rpol/2

2Cpol

(b) Schematic representation

Figure 5.18: Impedance model for human skin and blood glucose spectroscopy

The skin has several tissue layers such as epidermis, dermis, blood etc. and

single tissue layer can be divided into sever sub-layers [7], [8], [42]. Hence there
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are n number of series connected blocks which consists of Cm, Rm, Ri and Re.

Furthermore, current flow under a typical skin electrode involve many current

paths in parallel [7], [8]. Hence structural model for skin impedance and glucose

spectroscopy can be given as Figure 5.19. It can be called as a multi-layer multi-

path model for skin impedance and blood glucose spectroscopy.

Electrode-Electrolyte Interface

Electrode-Electrolyte Interface

Ccup

n

Figure 5.19: Multi-layer, multi-path impedance model for human skin and blood
glucose spectroscopy

If we assume each current path is identical to each other, then number of

current paths increases with the area of the electrode resulting decreases of total

skin impedance. Impedance curve for the three sensors (Table 4.2) at the same

blood glucose level is depicted in Figure 5.20.

It was seen, at the same blood glucose level, identical temperature and identi-

cal force on a sensor, measured impedance from small sensor is grater than large
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Figure 5.20: Comparison of measured impedance using three sensor under identical
glucose level, temperature and force on a sensor

sensor and measured impedance from medium sensor lie between impedance mea-

surement from large and small sensor. That observation validates the idea of

existence of many parallel current paths. In assumption of there are n paral-

lel current paths per unit area (cm2), there will be An current paths for sensor

having effective area of A. Then the measured impedance should be 1/A times

of impedance measurement at the unit area. However this argument is valid if

the depth of EM energy keep constance although area of sensor varies. In the

above experiment, ratio between area of inner ring of large and small sensor was

3.61. Hence the measured impedance from small sensor should be 3.61 times that

of large sensor. However, average impedance at 80 ∼ 110 mg/dl glucose, across

measurement frequency band for small sensor was 158 Ω and for large sensor, it

was 118 Ω. Hence the ratio between measured impedance is 1.34. It material-

izes that the impedance read from larger sensor has higher value than expected.

It evidences that the depth of EM energy increases with sensor geometry hance

measured impedance from larger sensor contain impedance coming from deeper

tissues which does not exist with small sensor.

However for the simulation, we assumed single current path and three major

tissue layers, epidermis, dermis and blood. Bode plot diagram for that model is

depicted in Figure 5.21.
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Figure 5.21: Bode-plot of proposed impedance model for skin impedance and
blood glucose spectroscopy
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5.5 Degenerative Modes

Under the certain assumptions it is possible to generate existing skin impedance

model from the proposed impedance model for skin impedance and blood glucose

concentration.

5.5.1 Mode 1

If sensors (transmitter and receiver) are placed far apart from each other (more

than 7 cm [44]), there will not be direct EM energy coupling between transmitter

and receiver. So that, the coupling capacitance (Cgap cup) can be neglected. As a

result, polarizing capacitance and resistance at the electrode-electrolyte interface

become external to the skin. Then the impedance at the electrode-electrolyte

interface (Cpol and Rpol) can be removed from the impedance model. Moreover,

impedance comes from deeper tissues must be taken into consideration since there

is no EM energy directly couple between sensors. Resulting skin impedance model

is depicted in Figure 5.22.

Rdeeper_tissue

Cm(t, ω, f, c)/2 2Rm(t, ω, θ, f, c)

Ri(t, ω, θ, f, c, v)
Re(t, ω, θ, f, c, v)

Figure 5.22: Degenerative mode-1

5.5.2 Mode 2

Intracellular medium is rich with ions. Hence there will be a good ionic conduction

within the intracellular medium which resulting a very low impedance in that

medium. As a result it is acceptable to remove Ri from first degenerative mode

shown in Figure 5.22. Resulting skin impedance model is depicted in Figure 5.23.
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Cm(t, ω, f, c)/2 2Rm(t, ω, θ, f, c)

Re(t, ω, θ, f, c, v)

Rdeeper_tissue

Figure 5.23: Degenerative mode-2

5.5.3 Mode 3

Since Cm and Rm are frequency dependent and the impedance loci for parallel

combination of them is semi-circular with depressed center. Under the assumption

of Cm and Rm are not a function of time, chemical composition and temperature,

they can be replaced by a constant phase element (CPE). After applying this

modification to the second degenerative mode, result will be the non-Cole-Cole

impedance model [64] as depicted in Figure 5.24.

CPE Re(t, ω, θ, f, c, v)

Rdeeper_tissue

Figure 5.24: Degenerative mode-3

5.5.4 Mode 4

Furthermore, if Re in third degenerative mode is a function of neither time nor

the voltage, chemical composition and temperature, it will become a constant.

The resulting impedance model is equivalent to the Cole-Cole impedance model

as depicted in Figure 5.25.
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CPE Re

Rdeeper_tissue

Figure 5.25: Degenerative mode-4

5.5.5 Mode 5

From the first degenerative mode, if the Rm, Cm, Ri and Re are constant values.

The resulting skin impedance mode is equivalent to the impedance model used by

Rahman [65] in his PhD thesis. This degenerative mode is shown in Figure 5.26.

Cm/2 2Rm

Re

Rdeeper_tissue

Ri

Figure 5.26: Degenerative mode-5

5.5.6 Mode 6

In the second degenerative mode, non-linear (variable) Rm, Ri are in parallel to

each other. Hence they can be replaced with a single variable resister. If Cm is

a constant, then the resulting skin impedance model is depicted in Figure 5.27.

This is equivalent to the skin impedance model proposed by Dorgan et al. [9].

5.5.7 Mode 7

If the resistor Rp is a constant such that it is not a function of time, chemical

composition, frequency and temperature, result will be the basic skin impedance
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Cp Rp

Rdeeper_tissue

Figure 5.27: Degenerative mode-6

model [7] as shown in Figure 5.28.

Cp Rp

Rdeeper_tissue

Figure 5.28: Degenerative mode-7

Moreover, since there are parallel multi current paths exist under the typi-

cal electrode, 7th degenerative mode can be extended to skin impedance model

proposed by Lykken et al. [7] and Tragear et al. [8].
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CHAPTER 6

SUMMARY, CONCLUSIONS AND RECOMMEN-
DATIONS

6.1 Summary

The diabetes is a leading causes of death all around the world. But people restrict

to test their blood glucose level frequently using either invasive or minimally in-

vasive technique due to the pain, time constrain etc.. Moreover such a technique

may also lead to spreading a diseases like AIDS. Hence demand for non-invasive

blood glucose techniques is increased by hour. But non of them still could meet

the accepted level of accuracy. This low accuracy mainly occurs due to the lack

of understanding on system under test. In this thesis, a non-invasive technique

called dielectric spectroscopy has been investigated.

Essential background information is presented, providing a fundamental for

DS based non-invasive blood glucose measurements, parametric modeling of skin

impedance and bio-sensors for skin impedance measurement. Then using a cus-

tom built circuit and network analyzer, skin impedance variation with the blood

glucose level was investigated. Simultaneously, a clinical blood glucose test is also

performed with the collaboration of national diabetes center, Sri Lanka.

There were two major research components that derivation of human skin

and blood glucose spectroscopy and analysis of the influence from bio-sensor to

sensitivity measurements.

In order to derive a mathematical model, data collected from our circuit and

network analyzer were analyzed. It was a four steps process. In first step, the

measurement environment was modeled using passive electrical components. Skin

impedance model based on physiological structure and chemical activities was de-
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rived in next step. Then these two models combined together to get the composite

system model of measurement environment and human skin. Finally simulated

impedance curves were compared with measured impedance curves and did the

required modification to achieve the final mathematical model for human skin

impedance and blood glucose spectroscopy.

In order to identify the influence from bio-sensor to sensitivity measurements,

a two steps process was followed. In first step, new sensor was proposed and tested

to verify that proposed sensor is capable of tracking the skin impedance variation

which occurs due to the blood glucose fluctuations. Then, three sensors with

different dimensions were fabricated and estimated the sensitivity measurements of

them. With that, theoretical analysis and experimental proof have been presented

on a possible bio-sensor and its influence to sensitivity measurements.

6.2 Conclusions

Based on the research findings it can be concluded that, an electrical parametric

model for skin impedance and blood glucose spectroscopy consists of three major

components, human skin, EM energy coupling between transmitter and receiver

and electrode-electrolyte interface.

The smallest unit of the skin is a cell membrane which has three sub system

called lipid bilayer, intra-cellular medium and extracellular medium. The lipid bi-

layer of cell membrane can be represented as a parallel combination of a capacitor

and a resistor. The capacitance (Cm) of the capacitor is functions of time, fre-

quency, force on a skin (or sensor) and chemical composition at either side of the

lipid bilayer. The resistance (Rm) of the resistor is functions of time, frequency,

temperature, force on the skin (or sensor) and chemical composition at either side

of the lipid bilayer. Then intra and extra cellular media can be modeled as resis-

tors. Their resistances are also functions of time, frequency, chemical composition,

strength of applied voltage signal and ambient temperature.

EM energy coupling transmitter and receiver can be modeled as gap coupled

capacitance and its capacitance is a function of frequency of applied voltage signal,
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time and chemical composition of tissue layers.

Based on the experiment findings and theoretical analysis on sensor, it can

be concluded that CARSA sensor has a higher performance than glass courted

microstrip transmission line with rectangular ring. Moreover, the lower the EM

energy penetration into the body the better the performance.

6.3 Contributions

The contributions of this thesis are as follows;

� Proposed new sensor for non-invasive blood glucose monitoring (NIBGM)

using IS,

� Performed clinical test to evaluate the usability of new sensor in IS based

NIBGM,

� Evaluated effects on sensitivity measurement from depth of penetration of

EM energy,

� Evaluated effects on sensitivity measurement from sensor geometry,

� Proposed new impedance model for human skin and blood glucose spec-

troscopy,

� Explained methods to calculate parameters in proposed impedance model,

� Identified the dependance of each parameter in proposed model,

� Explained degenerative modes of proposed impedance model.

6.4 Recommendations

Area in which further research may be performed are;

� The thesis proposed a new sensor for non-invasive blood glucose measure-

ments but the theoretical analysis of radiation pattern and directivity of
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sensor radiation did not carry out. Since radiation pattern and directiv-

ity play a major role in penetration depth of EM energy into body, those

parameters must be derived and analyzed.

� Calculation of the R-L-C values which represent slot annular ring did not

given in this thesis. Thesis assumed equivalent of slot annular ring is equiv-

alent to parallel gap coupled slot line. It may differ and need to be analyzed

and derive equivalent circuit for slot annular ring.

� Thesis assumed that impedance at the electrode-electrolyte interface is not a

function of blood glucose level. But, chemical balance of electrode-electrolyte

interface may vary with the blood glucose concentration. It need to be

addressed and parametric model for electrode-electrolyte interface must be

derived to improve the accuracy of the proposed mathematical model.

� To calculate the values for Ri, Re, conductivity at 0 K and some more

parameters need to be known. But thesis did not conduct any experiment

to find out those values. Hence using individual tissue layer, it must be

analyzed conductivity at 0 K and proposed effective algorithm to evaluate

Ri and Re.

� From the experiment, it could be seen, that skin impedance varies with the

applied force on the sensor. And it was mitigated inside the resistor and

capacitor which represents the lipid bilayer. However, volume concentration

of ions increases with applied force on the sensor. This phenomenon did

not take into the consideration in the thesis. But that change may have a

higher influence on measured impedance. Hence it need to be analyzed and

proposed an suitable modification to our mathematical model.

� Measurement site for DS based non-invasive blood glucose monitoring need

to be evaluated.

� Calibration technique for DS based non-invasive blood glucose monitoring

need to be proposed since for same blood glucose level, there are different
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impedance curve for different peoples.
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