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Properties of biomedical signals

Weak in signal intensity

Easily interfered by ambient noise
High variability

Safety and reliability is important
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~ Range of common bioelectric signals
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Flowchart of biosighal measurement

Biomedical 60-Hz i . .
Signals Sensor Notch filter Filter Amplifier Filter
—> Feature extraction
Signal r Detection/Classification
ADC Processin [
3 N Storage in database
—> Telehealth
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-~ Biomedical sensor

= Transform one signal/energy to another one
m Also termed as transducer
m Ex: stress = voltage, temperature = resistance

= To measure a specific physiological parameter
m Invitro: concentration of electrolytes, enzyme,...

= In vivo: blood pressure, oxygen saturation level,...

= Accuracy, reliability, and portability



Biomedical sensors

» Biopotential
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~ Biopotential sensor

= Electrodes: to sense the ion distribution
= Capable of conducting currents across the
interface between the body and the

measuring circuit
s lonic current = electronic current?
s High impedance of skin (*"MQ)
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How to measure?

s lons can not flow into the electric wire

directly, and vice versa.
s Theionic flow has to be transformed to an

electronic current at the interface.
s Reduction-oxidation reaction (Redox)



~ Electrode-electrolyte interface
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Ag/AgCl Electrode

Lead wire Insulation

) V77

Ag' CI™ surface layer

Ag metal
Ag — Ag" +e”
Ag* + CI- — AgCl|

Electrolyte containing
Cl- ions

4

Rich CI~ions in human body
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~ Improve conductivity of electrodes

» Conductive paste is usually applied on
the surface of electrodes as electrolyte.

» Half-cell potential
m An DC offset at the interface
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~ Let check it out from beginning...

Electrical
wiring

C*: cation
A~: anion
e™: electron
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Oxidation of Ag begins...

Electrical
wiring
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Oxidation of more Ag ...

Electrical
wiring
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~  Helmholtz double layer structure
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Half-cell potential

= The potential introduced by the double layer

structure between the electrode and the
electrolyte

» Its value is influenced by the type of metal,

lon concentration, temperature...

m DC offset, which can be removed by high-pass
filter
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Half-cell potentials at 25°C
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H,

hydrogen electrode

cell potential

—

3

lead insulator

Measurement of half-
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Ag/AgCl Electrode

Sitver Electrode

Silverj Silver Supporting structure to reduce
Chloride skin movement under the

Jelly \ electrode \

X

Silver Chioride solution Potential interference represented by the
diffuses in to the skin's concentration gradient across the semi
permeable membrane formed by the epidermis
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_J Metal

Electrolyte
gel
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Ep — half-cell potential

Cy — electrode capacitance
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= Frequency response Of impedance
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V/l waveforms for stimulations

(a) Constant-current
stimulation

(b) Constant-voltage
stimulation

(a)
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Motion artifacts of electrodes

s Distribution of ions across the interface

would reach an equilibrium.
s Double layer structure

= Once the electrode moves, the re-distribution
of ions results in changes of potentials

immediately.
m Interference for measurement of biopotentials
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(a) Metal-plate
electrode for limbs

(b) Metal-disk
electrode applied
with surgical tape

=3

(a) (b)

Mectal disk and electrolyte

(c) Disposable foam-
pad electrodes

Adhesive tack on
surface of

(Top) (Bottom) sty

()
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Suction electrodes

I— Rubber bulb
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Electrodes for ECG

Electrocardiogram (ECG)

Photo credit: St Vincent’s Hospital Heart Health, Sydney, NSW, Australia
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Beta(p) 13-30 Hz

Parietally and
frantally

Alpha (@)  8-13 Hz
Occipitally

Theta (&)  4-8Hz

Children,
sleeping adults

Delta(s) 05-4 Hz

Infants,
sleeping adults

Spikes 3 Hz

Epilepsy - 200
petit mal W ]

100

Electrode cap for EEG

T 1
i 1 2 3 Time [] 4
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Wet and dry electrodes

= Wet electrodes
s Good conductivity and good quality of signals
m Disposable, low risk of infection
m Commonly used for clinical routine and research
m Long-term or frequent use may cause
discomfort and/or allergic reaction.
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Wet and dry electrodes

= Dry electrodes

Use stainless steel or platinum as contact to skin
Without using adhesives and conductive gels
Convenient and sustainable

Higher impedance, more sensitive to motion
artifact than wet electrodes (sweat helps!)

29



Portable/mobile ECG

Fitness devices

30



e X4
= ° o
_ Textile electrode for wearable devices

| 4. (322) o8-

Conductive fibers are knitted into textile and
integrated with embed sensors.
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Microelectrodes

= To measure membrane potential (50-100 mV
in amplitude)
s Relatively higher than common biopotentials
= Glass/metal tips for penetration of the
membrane

Metal film Glass

= Very high impedance
m Small contact area

Insulation

(b)
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Percutaneous electrodes

= The electrode or its lead wire penetrates
through skin for invasive measurement of

biopotentials.
= No need for conductive paste/gel
m Suitable for EMG of deep or a specific region of
muscle
s Discomfort, higher risk of infection

33
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~ Various needle and wire electrodes

(€}

Insulation

(&)

(d)

Insulation

Fine ware

Uninsulated
Tarks

(a) Insulated needle electrode
(b) Coaxial needle electrode

(c) Bipolar coaxial electrode

(d) Fine-wire electrode
connected to hypodermic needle
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' Needle electrode for EMG

35
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Microelectrodes

= Microelectrodes, consisting of metal, Si and

SiO,, can be fabricated using modern
microelectronic technology.

Bonding pads

SiO, insulated Insulated
Au probes lead vias
Exposed

electrodes

Silicon probe

Si substrate
Exposed tips 36



Microelectrodes for neural recording

a188 13KV %75 180N HD37 ’ @1ee 15KV H27388 1@Mm WD37

(a) (b)

Figure 3. (a) 8§ shafts, each with 8 electrodes, compared to a human hair. (b) Close up of 2 electrodes.
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1D and 2D electrode arrays

N
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- Q7
_ EEG detection and muscle stimulation

Patient cable

Meural activity

55D —reecnaers Two 96-channel

ﬁzf microelectrode arrays
implanted on the hand
area of motor cortex

l

'ECW r?;'__"‘ Implanted lead
: FESy ":’I_’——;f_f_; Electrode
36 percutaneous u [Promis :
electrodes used to / | Sl
stimulate 18 muscles
. Instrumented
in the upper and gorlometer
lower arm T — 1

Ref: Ajiboye et al. “Restoration of reaching and grasping movements through brain-controlled muscle stimulation in a person with 39
tetraplegia: A proof-of-concept demonstration”, Lancet, 389:10081, pp. 1821-1830, 2017



Biomedical sensors

Displacement, velocity, force, pressure

40



' Possible biomedical applications?

« Displacement

= Velocity and/or acceleration
« Force

= Pressure

41
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Sensor for detection of movement

= Transformation of the deformation (or its

associated physical phenomenon) into

electrical signals
m Transfer function
m Voltage or current as the output of sensor
m The electrical output is fed into a measurement
circuit for amplification, filtering, and conversion.

42



' Types of movement sensor

= Resistive

« Inductive

= Capacitive

» Piezoelectric

43
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Resistive: potentiometers

= Use a voltage divider to measure
displacement or rotation as a continuous

function

44
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Resistive: strain gauges

= Deformation of conductive materials may

induce change of its resistance.
s Dimensional effect (Ex: diameter of metal
leads/wires)
m Piezoresistive effect (Ex: semiconductor
materials)

45
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Resistive: strain gauges

= Dimensional effect of resistance (R)

n L
m Stretching of the wire would make it longer and
narrower, leading to higher resistance, and vice

Versa.

= Small-scale deformation of metal
m Suitable for small displacement

46



.'O/

-

N

= Thin wire in zig-zag pattern
= Mounted on a flexible foil

Direction of deformation

Resistive: strain gauges

Tension:
area narrows,
resistance increases.

Compression:
area thickens,
resistance decreases.

Photo credit: Wikipedia (Strain gauge)
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Fluid
couplings

Application of strain gauge

Plastic dome Arrpature Rigid frame

Cable

Flexible Strain gauges
diaphragm

Arterial blood pressure transducer

48



.'O/

~  Wheatstone bridge configuration

Plastic dome Armature Rigid frame
Fluid . RI
couplings Fi 5
b | s 1P Cable
e R o+
; 3 0 % Output DC voltage
4 10 - Vs
Flexible Strain gauges % 0 (Rl + R:E )(R3 + Rd— )
diaphragm

o - L R R
Null condition is satisfied when: — = —

V.o o+
Change of resistance (AR) can be measured
by output voltage of Wheatstone bridge (V,) 49
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Semiconductor strain gauge

s Pressure sensors made on Si substrate

s MEMS manufacture
m Higher sensitivity, but also more sensitive to
temperature and more fragile than metal SG

= Possible applications: mini- pressure sensors
attached on skin, mounted on catheter, or
embedded in wearable devices

50
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Strain gauge on a smart catheter

Deployed clot-retrieval probe

Mesh structure for deploying
probe and removing clot

Strain gauge Electrode

Clot retrieval probe ~
Distal tip

Mesh structure

Outer shaft
z/

Inner shaft

Diagram of a MEM-based smart catheter

¥ ¥ Pt resistor 3,\ f l )Jr:;
;\ |1 o [~ SR v
\\\\\(\}\_‘ : i i
e ?’/t electm;t\ié L 1 M.” |

Expansion of the mesh structure deploys
the probe to monitor the internal shape of
the blood vessel.

Ref: Kim Y et al. “Development of platinum strain gauge based on Ni-Co metal substrate for smart catheter application”,

Micro and Nano Systems Letters, volume 8:15, 2020

|
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Inductive sensor

s An inductive sensor is a device that uses the
principle of electromagnetic induction to

detect objects or its movement.
m Inductance: a coil of wire over a ferrous core

‘ & VOUT '
¢
V1 VOUT
Secondary o°

[

1
‘ -180"
frset oft null
Vs, “\J4 !
anI x=0 Motion

Transformer

VIN

Primary coil @V
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Inductive sensor

= Physical contact is not necessary
= Capable of operate in wet or dirty conditions

= Commonly used in daily life
s Metal detectors, vehicle detection loops
installed at intersections or parking spaces...
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~ Linear variable differential transformer

Privvary

—_— O

Difference woltage
YaT V1T V2

LVDT is used to detect linear displacement robustly

Coil 1 coil il 2
(secondary) (seco h
Infotion
il —f-
Clore
| —
Constant )
AC voltage Insulating
o form or
hobhin
Cr
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Capacitive sensor

= A capacitive sensor is used to measure

movement by detecting the associated change

of capacitance coupling.

m Capacitance: C = e—

d]

A
d

A

= o0&y

A
d

¢: dielectric constant

&,: vacuum dielectric constant

g,: relative dielectric constant

A: the overlapping area of two plates
d: the distance of two plates

95



Capacitive sensor: basic concepts

o fived centre plate

I"ll" Ed
'; ) fixed plate | /_"“"“bl‘ plate
[ I -
Variable area mode Variable dielectric mode Differential mode
(A — wx) g(l—x)+ &x A
C=¢pgp———— C=¢gw C =gy

d d 2d — x

56
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~ Capacitive sensor: applications

= Project capacitance touch technology

m Touch screen/panel j@

= Respiration monitoring system
= Robust and low-cost

»« Implantable pressure sensor Project-capacitive

_ . touch panel
m Fabricated by semiconductor technology

Y
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~, Capacitive sensor for respiratory monitoring

miovement direchion ans

B slecTooe moveable elecinode
7]

S

‘

\¢

Diagram of the capacitive sensor:

The capacitance between the fixed
triangular electrode and the sliding
CDC: capacitance-to-digital converter rectangular electrode is related to the
DAQ: data acquisition extension of the respiratory belt.

Ref: Grlica J, Martinovic T, and Dzapo H. "Capacitive sensor for respiration monitoring", Proc. IEEE Sensors Appl. Symp. (SAS),
pp. 1-6, Apr. 2015



apacmve |mplantable pressure sensor

Analog-to-digital
converter (ADC)

Size of sensor:
0.5%1.2 mm

Pressure sensor Air chamber Temperature sensor

10.2
100 | i
9.8 | i
9.6 | i
9.4 |
9.2 | k3
90 | i
8.8 | 3
86
84 b3
82 | ¥
8.0 |

0 Schematic of the packaged sensor

1.0 1.2 1.4 1.6 1.8 2.0
Pressure (bar)

Ref: Roh JH, Shin KS, Song TH, Kim J, Lee DS. “Development of an Implantable Capacitive Pressure Sensor for Biomedical
Applications”, Micromachines (Basel),14(5):975, 2023.

h-————————————-”

Capacitance (pF)

Epoxy seahng

I
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Piezoelectric sensor

= Piezoelectric effect: the ability of certain
materials to generate an electrical charge in

response to mechanical stress
m Piezo-: “press” in Greek
m Stress = Electric potential
m Reversible: Electric potential = Stress

60



Equilibrium:

Mo applied voltage Expansion

Compression

Stress = Electric potential

Equilibrium:

Compression No surface charge Expansion

Electric potential = Stress

61



Piezoelectric sensor

= Suitable for detection of rapid and small

movements
s PZT (lead zirconate titanate, 4% 4x ik 4-) is
deformed by about 0.1% of the original
dimension.
m Applications: ultrasound transducers,
microphone for instruments (guitar pickups)...
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Biomedical sensors

Temperature

63



Temperature sensor

Resistance thermometer é‘lb li B
m Resistance temperature detector (RTD)

Thermistor #va7 7 [
Thermocouples #: 7 &

Radiation thermometry
m Infrared thermometer

64
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~ Resistance Temperature Detector

= RTD wire is usually pure metal, such as

platinum (Pt), nickel (Ni), and copper (Cu)./?/f}/ﬁ
4

= Resistance of RTD increases at higher

— //

temperature.
m Positive temperature coefficient of resistance
m Ry =Ry(1+ayT+ ayT?+ -+ a,T") = Ry(1 + a;T)
= Accurate, stable, and large temperature range

65
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~ Thermistor

= Resistance of this semiconductor type of resistor

decreases at higher temperatures
m Negative temperature coefficient of resistance

1 1
[ | RT - Roeﬁ(?_’r_o)
= In comparison, thermistors usually achieve better
precision within a limited temperature range

s Typically -90°C to 130°C
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Thermistor

1000
100
(@)
E{(VI)
g 10
[a's
o
] 1
o
(O]
o
c 0.1
8
)
3
o 0.01
0.001
I A O O

(@) -50 0 50100 150 200
Temperature, * C

B o
&
100 @\Q QQ@ D \/\9 o
A ¥ S
C N
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10 Q
) S
8 Air
9 Y ‘4
1.0 7 0 <
% 2y X, @
4 o%
(b) 0.1 0.10 1.0 10.0 100.0
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(a) Relationship of resistance ratio and
temperature of various thermistors
(b) Non-linearity of resistance at high currents
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Thermocouple

m Seebeck effect: an electromotive force generates
across two points of a conductive material when

there’s a temperature difference between them
m Thermoelectric effect

s Thermocouple: two dissimilar conductors (metals)
forming an electric junction with a temperature-
dependent voltage

68
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Thermocouple

= The output voltage (V) depends on

temperature difference (T, - Tr¢) and the

type of metals

Metal A

Metal B

Connecting

#fjleads

TREF

/ | Vo

69
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~ Thermocouple

= Pros: self-powered, inexpensive, wide variety of

probes, large range of temperature measurement
s 0°Cto >1000°C
= Cons: reference temperature required, relative
low sensitivity (Vg 1: LV to mV)

s Thermopile: thermocouples connected in series to
Increase sensitivity

70
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~ Radiation thermometry
= Thermal radiation: as the temperature of a black
body decreases, the emitted radiation decreases in

intensity and its maximum moves to longer A
m Black-body radiation
s The maximum of thermal radiation at body

temperature corresponds to infrared
= Infrared thermometer: non-invasive and non-contact
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Radiation spectrum at 300 K

= Wavelength of maximal

spectral radiance

2898
Am = T (Lm)

= Total radiant power
Wr = eoT*

2.mm-1

0.00312
0.003

0.002

0.001

Spectral radient emittance, W-cm

—l—’/

Wavelength, um

25

—1100%

% Total power
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Measuring body temperature with...

= Mercury thermometer
= Thermistor with a digital readout
= Infrared thermometer

s Pros and cons?

73



' Biomedical sensors

= Blood O,/CO,, pH value

74
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-~ Blood gas: O, and CO,

= Only 2% of O, is dissolved in the plasma. 98% of O,
is combined with hemoglobin (as HbO,) in the red

blood cells.

s pO,: the efficiency of alveolar ventilation
= SO,(oxygen saturation): amount of O, in blood

= Most CO, is transformed into HCO;" in blood
m pCO, is directly correlated with pH value at 10-90 mmHg

75
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~ Clark-type pO, sensor
\.-3{335_ External applied
= Reduction-oxidation reaction —F voltage ~ 0.6V

= Cathode: reduction
O,+2H,0 +4e & 40H
= Anode: oxidation
Ag & Ag" + e
Agt + Cl e AgCl|

Q: As pO, goes higher, the current will?

Agueous
electrolyte

Oxygen p;érmeable
membrane
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Transcutaneous pO, sensor

= Attached on the skin, instead of being immersed

in blood or tissue fluid.

s Measure oxygen diffusing from
blood through the skin.
m Non-invasive, but less accurate.

\
|

Retaining rin
EHE L -l it
“"r Heater . = Thermistar
Oixygen p;;neahla coil | Silver anode
membrane )
latinum cathode
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Detection of pCO, and pH value

= log(pCO,) is linearly dependent on pH value

at 10-90 mmHg
= Normal range of pCO,: 33-48 mmHg
= H,0+CO, & H,CO; & H"+ HCO;
s [H*][OH] =101#at 25°C
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Ag/AgCl electrode \<

Permeable for all ions,
keeping reference
potential unchanged

pH electrode

@

Reference Active
electrode electrode
N
™~
w g S e Ny | —
KCl KClI

bridg glass
Solution under test

/

7

A lithium-doped glass
electrode, of which
only H* ions can bind
on the surface to
develop an electric
potential
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pH electrode

= Equivalent to a battery model

.
= W
SO
re

+: active electrode (or measuring electrode)
—: reference electrode

nen both electrodes are immersed in the
ution under test, a potential directly

ated to [H*] is developed across electrodes.
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~ Oxygen saturation level (SO,)

= Two wavelengths of light are applied on blood
to measure their absorbance respectively.
s Ex:red light (660 nm) and infrared (805 nm)
» The absorption rates of HbO, and Hb are

independent functions of wavelength.

s Use the absorption rates at two wavelengths to
estimate the ratio of HbO,
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~ Absorptivities of HbO, and Hb

Absorption spectra of hemoglobin

Molar extinction coefficient (M™cm™)

=

o
~

-

103

|
|
|
|

isosbestic
rlbomt

HbO}

Hb

: Wavelquth (nm)
660 805

00 :
600 659 700 750 8GI)0 850 900 950 1000

RLED AIRLED

detector

R detected IR detected R detected IR detected

Photo credit: Wikipedia (Pulse oximetry)
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' Summary

» Biopotential sensor
» Displacement, velocity, force, pressure
» [emperature

= Blood O,/CO,, PH value
=« And a lot more...
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