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Measurement and Instrumentation
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Cochlear Implant

Schematic of cochlear implant; note

electrode array inserted into cochlea.
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Advances In Vision (Retinal
Stimulation)
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Mini Gastric Imaging
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; ! Perceptible

output

Figure 1.1 Generalized instrumentation system The sensor converts energy
or information from the measurand to another form (usually electric). This
signal is then processed and displayed so that humans can perceive the informa-
tion. Elements and connections shown by dashed lines are optional for some
applications.
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Aspects of Measurement

General Instrumentation
ransducers (Electrodes)
General Recording Situation
Sources of Noise and Solutions

Effects of electrode size, spacing and
orientation

Digitization of Signals
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Characteristics of Biopotential
Signals

e Determined by size of bioelectric generator

e Determined by distance and orientation of
bioelectric generator to recording
electrode(s)

e Determined by size and properties of
electrode(s)
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Half Cell Potentials for common Metals

Table 5.1 Half-cell Potentials for Common Electrode
Materials at 25°C
The metal undergoing the reaction shown has
the sign and potential E® when referenced to the
hydrogen electrode

Metal and Reaction Potential 22 (V)
Al — A +3e —1.706
Zn — Zn®t 4 2e~ —(.763
Cr o O a3 —(.744
Fe —Fe? 4+ 2¢ —0.409
Cd — Cd?' + 2e” —0.401
Ni— Ni** 4+ 2e- —0.230
Pb—Ph¥* +2e- —0.126
H; —2H" 4 2e” 0.000 by definition
Ag+CIm — AgCl e +0.223
2Hg +2C1 —Hg,Cl, +2¢~ +0.268
Cu— Cu?t + 2e- +0.340
Cu—Cu' +e- 1+0.522
Ag s Agt te 10.799
Au— A 43— +1.420
Au—Au +e +1.680

Source: Data from Handbook of Chemistry and Physics, 55th ed., Cleve-
land, OOH: CRC Press, 1974-1975, with permission.
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Electrochemical Cell
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Electrochemical Cell (cont’d)
Ignoring liquid junction potential (several mv’s) E. =
1.1V

Measuring an electrophysiological event requires 2
electrodes

These form an electrochemical cell with a DC
potential the difference of the two half-cell potentials

When a small current flows equilibrium potentials
changed, called polarization

Cell potential, even for same electrodes can be as
high as 600 V.
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Electrode Impedance

Can also ,__,_")*J_] juration
| AN IL—— —_—

/E Seras & e

R 1s from electrolyte resistance in vicinity
of electrode surface

C Is from space charge region
Re.r.qic @dded to allow conduction at DC
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Electrode Impedance
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Electrode Impedance (cont’d)
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Ag-AgCl Electrode in Solution

Lead wire Insulaion

Ag' CT surface layer

Electrolyle contalning
Cl lons

A silverfsilver chloride electrode, shown in cross section.

Aga Agt+e

Agt +CI" 2 Al |
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Typical Impedance vs Frequency for
Ag-AgCl
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Figure 5.22

A To amplifier B

ﬁ R Electro-

- lyte in
micropipet

Glass

— Stem
Internal electrode

Environmental

Reference

Cell Tip electrode

membrane
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membrane

(b)
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Membrane l
and 0

action e Ca=G
i m
potential P Ep
~| }-— e

(c) En= “-'"j + Ei+ Epa = Emp

Equivalent circuit of glass micropipet microelectrode
trode with its tip placed within a cell, showing the origin of distributed capaci-
tance. (b) Equivalent circuit for the situation in (a). (c¢) Simplified equivalent
circuit. (From L. A. Geddes, Electrodes and the Measurement of Bioelectric

Events, Wiley-Interscience, 1972. Used with permission of John Wiley and
MTrrer W mels
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Space Charge Region
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Figure 2. Space Charge Layer. Kovacs. [2]
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potentials

Coaxial lead wire

Hub

Central electrode

peint (b)
Insulation
Hypodermic Fine wire
needle .
Hypodermic Uninsulated
Electrodes needle . barb
(<) Insulation (d)

4\— Fine wire ? Coiled fine wire

-

Uninsulated barb Uninsuldted barb

(e) ()

Figure 5.13 Needle and wire electrodes for percutaneous measurement of bio-
(a) Insulated needle electrode. (b) Coaxial needle electrode.
(c) Bipolar coaxial electrode. (d) Fine-wire electrode connected to hypodermic
needle, before being inserted. (e) Cross-sectional view of skin and muscle,
showing fine-wire electrode in place. (f) Cross-sectional view of skin and
muscle, showing coiled fine-wire electrode in place.
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Needle Electrode Connections
a b ¢ d &

-y

Figure 3-1 _

Schematic illustration of standard concentric (a), bipolar concentric (b); monopolar (c), and single
fiber needles (d, e). Dimensions vary but the diameters of the outside cannulas shown are similar
to 26-gauge hypodermic needles (460 um) for (a), (d), and (e), 23-gauge needle (640 pm) for (b), and
28-gauge needle (360 pm) for (c). The exposed tip areas are about 150 pm X 600 pm for (a), 150 pm
X 300 pm with spacing between wires of 200 pm center to center for (b), 0.14 mm? for (c), and 25 pm
in diameter for (d) and (e). A separate reference electrode is necessary with monopolar needles (c)
and (d) to complete the circuit. (Modified from Stalberg and Trontelj.2?)
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Ag/AgCl electrodes

Insulated leads

Contacts pa—

Base

(a)

- Insulated leads

Contacts —]

Ag/AagCl electrodes

(b)

(c)

Figure 5.16 Examples of microfabricated electrode arrays. (a) One-dimen-
sional plunge electrode array (after Mastrototaro et al, 1992), (b) Two-dimen-
sional array, and (c) Three-dimensional array (after Campbell ez al., 1991).
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Metal disk

Insulating
package

Double-sided

adhesive—tape

rnng Electroyte gel
in recess

(@) ()

Snap coated with Ag-AgCl External snap

Gel-coated sponge
Plastic disk

Plastic cup

Foam pad 12K /

Capillary loops ~ Germinating layer
(c)

Figure5.11 Examples of floating metal body-surface electrodes (a) Recessed
electrode with top-hat structure. (b) Cross-sectional view of the electrode in
(a). (c) Cross-sectional view of a disposable recessed electrode of the same
general structure shown in Figure 5.9(c). The recess in this electrode is formed
from an open foam disk, saturated with electrolyte gel and placed over the
metal electrode.

Dead cellular material

de Bruin BME 701 2014 23



Stratum corneum

Epidermis { "~

4

Dermis .
Y
¢
Subcutaneous<
layer

“barrier”
Stratum granulosum

Stratum germinativum

Cortum

Sweat pore

Papillae

Capillary loop

Sweat duct

-Sweat gland

/

Flgure 5.7  Magnified section of skin, showing the various layers (Copyright
© 1977 by The Institute of Electrical and Electronics Engineers. Reprinted,
with permission, from /EEE Trans. Biomed. Eng., March 1977, vol. BME-24,

no. 2, pp. 134-139.)

de Bruin BME 701 2014

24



Epe
Electrode Ca== 3Ry
Sweat glands
Gel B S R and ducts
5 A

Figure5.8 A body-surface electrode is placed against skin, showing the total
electrical equivalent circuit obtained in this situation. Each circuit element on
the right is at approximately the same level at which the physical process that
it represents would be in the left-hand diagram.
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Electrical Safety

Power Is a constant voltage source (e.g. 110 V)

Danger of electricity Is determined by:

Current path in the body

Frequency of current (DC and >40 kHz can’t stimulate but
can burn)

Do not have to make contact for current to flow i1f AC

Current determined by impedance of body (total 500 ),
and contact/skin impedance

Impedance of capacitor | = CdV/dt

de Bruin BME 701 2014 26



Effect of Current (60 Hz)

. Ll Ll Lol g vyl Lt o
1 mA 10 mA 100 mA 1A 10 A 100 A

60-Hz current, rms

Figure 13.1 Physiological effects of electricity. Threshold or estimated
mean values are given for each effect in a 70-kg male for 1- to 3-s exposure
to 60-Hz current applied to copper wires grasped by the hands.
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Shock Hazards

Macroshock Hazards

e produced by high current levels (current dens1ty) applied to skin
surface : f
o effects range from mild sensation to burns and shock (see figure)

e usually produced by careless handling, equipment malfunction or
bad safety design

Professional and Technical Considerations

Application of standards to equipment design, installation and
operation
e design - double insulation, grounding, enclosures, fusing, materials

e installation - power system, enclosures, site (see figure)
¢  operation - safe procedures, maintenance, periodic testing
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Macroshock Scenario

.. Receptacle
Circuit e

breaker
A~
120 v [ S od—eDlack |
White

60 Hz

t

Water pipe

(2)

(b)
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Microshock Hazards

Microshock Hazards (mostly Medical)

e produced by very small currents (microamps) applied to the skin or
through the skin

e “leakage currents” are very small currents conducted from chassis
or patient applied parts to patient or staff during normal operation
of equipment

e usually a result of capacitive coupling when current flowing in
equipment is a.c. (see figure)

o effects range from mild sensation to shock

Professional and Technical Considerations

e same as for macroshock

e avoid ground pathways to patient

e use of electrical isolation circuits in patient instrumentation
¢ use of isolated power supplies

e use of more stringent standards
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Microshock Sce

Catheter

Hot _
{ %é Cir-
cuit
Neutral
y T L
10 i3
= ground
(=)
Hot _ ‘
Cir-
=]
Neutral _
3 l _E' ‘F
T,? > >
Broken
= ground
(b)
Hot
] | Gir-
Neutral _ L cut
R
33 .
Broken
- ground

(<)

nario

Heart

U 008
|

Figure 13.10 Leakage-current pathways. Assume 100 pA of leakage cur-
rent from the power line to the instrument case. (a) Intact ground and 99.8
pA flows through the ground. (b) Broken ground and 100 A flows
through the heart. (c) Broken ground and 100 pA flows through the heart
in the opposite direction.
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Standards

"o CSA/UL Standards industrial, domestic, laboratory, data
processing, biomedical

o National and Provincial Codes
o (Guidelines
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Conditions of Measurement

 Biopotential signals are low amplitude
(<1lpv —25mv)

 Biopotential signals are low bandwidth (d.c.
— 15 kHz)

* Body is volume conductor (specificity of
signal source)

* Noise Is high in bandwidth of biopotential
signal (60 Hz: 30 mv on skin)
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|deal Filter Characteristics
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Figure 95 Characteristics of! digital filters. (a) Lowpass. (5) Highpass.
() Bandpass. de Bruin BME 701 2014



(41

R3

2 O—

(a)

(b)
Figure 3.5 (a) The right side shows a one-op-amp differential amplifier, but
it has low input impedance. The left side shows how two additional Oop amps can
provide high input impedance and gain. (b) For the one-op-amp differential
amplifier, two levers with arm lengths proportional to resistance values make
possible an easy visualization of input—output characteristics.
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Sources of 60 Hz
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Effects of Electrode Impedance Mismatch
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Mismatch Cont’d and Motion Artifact
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Effects of Electrode Size
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Effects of Electrode Spacing
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Common Mode Electrophysio;logical Signals

(cont’d)
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Process of Measurement

Understand the event (variable) you are
measuring

Is variable directly related to event?

Is variable indirectly related to event?
Is variable statistically related to event?
Is event itself random?
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Measurement Specifications

What is amplitude range of selected

variable

What is bandwidth of variable (does
variable change rapidly or slowly)?

What Is requirec
change you need

What Is requirec

resolution (smallest
to measure)?

accuracy?
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Process of Measurement (cont’d)

 |s measurement biased (will final result
have an offset, e.g. does It always read
high)?

* \What are unavoidable sources of noise?

 How much does this contaminate your
measurement?

* Maximize your signal-to-noise ration SNR
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Treatment of Measurements
M-waves for 8 subjects means and s.d.
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Representation of Data

Are variables related?

What is your confidence interval for each
measurement?

What does significance mean (e.g. p<.05)
What is significance based on?
How can you improve your measurement?
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MU Count

Treatment of Results (2)
Motor Unit Counts mean plus s.e.m.
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Computer Data Acquisition
(Amplitude Resolution)

Determines number of bits required

Amplitude input range of ADC: 0—10V, 0—5V, £ 10V, 5V
or power supply of micro, etc.

If assume 5V with 12-bit ADC, amplitude resolution = 10/2%2
= 10,000/4096 = 2.5 mV/bit ----- (1)

Most physiological (transducer output) signals are <mV
Need to amplify and filter signals prior to data acquisition
Can increase number of required bits of ADC

Amplify source signal in analog stage with gain G
Amplitude range referred to source in (1) = (10/212)/G
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Computer Data Acquisition

(Amnlifudp Recnliitinn)
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Computer Data Acquisition

Sampling Rate Considerations

» An analog input signal is
continuous with respect to time.

.- Sampled signal is series of
discrete samples acquired at a
specified sampling rate.

Actual Signal

- The faster we sample, the more
our sampled signal will ook like
our actual signal.

- If not sampled fast enough, a
problem known as aliasing will

OCCUr. Sampled Signal

i\y NATIONAL

rs.com INSTRUMENTS
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Computer Data Acquisition
(Sampling Rate)
Aliasing

+ Sample rate: how often an A/D conversion takes place
« Alias: misrepresentation of a signal
Adequately Sampled

Armoficude

Aliased Due to Undersampling

B
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Computer Data Acquisition

£~ _ _ _ _ 1" _

Following the Nyquist Th eorem Prevents Aliasing

.| Toaccurately represent the frequency
sy Of your original signal..

You must sample at greater than 2 times the maximum frequency
component of your signal.

" .. | Toaccurately represent the shape
of your original signal...

' You must sample between 5-10 times greater than the maximum
frequency component of your signal.

37 INSTRUMENTS
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Computer Data Acquisition
(Sampling Rate)

The Nyquist Theorem in Action

— Aliased Signal
100 Hz Sine Wave Sampied at 100 Hz
/ — Adequately Sampled
for Frequency Only
100 Hz Sine Wave Sampled at 200 Hz
Adequately Sampled
’ for Both Freguency
, J ! and Shape
100 Hz Sine Wave Sampled at 1 kHz
ni.com ¥4 INSTRUMENTY
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Computer Data Acquisition
(Sampling Rate)

If sampling rate is f, the f,/2 is also called the folding
frequency

A frequency component (f./2+Af) will be aliased into (f./2-
Af)
ADC maximum sampling rates are high (>200 kHz) and

memory Is relatively plentiful so instrumentation signals
are usually severely oversampled

However the higher the number of samples, the longer
digital signal processing takes, and the greater the number
of bits required to be transmitted for each recording In
wireless applications

There are always tradeoffs
de Bruin BME 701 2014
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Noisy Signals
Improving the Signal-to-Noise Ratio (SNR)

Select the right transducer (consider
transducer noise or sensitivity to variable of
Interest)

Consider connecting cables or wiring
How soon do you amplify?
Where do you place your filters?

What are advantages of analog or digital
filters?
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Nlnievr Cinnale

Common Signal Conditioning Examples

Transducer/Signals Signal Conditioning
Thermocouples Amplification, Linearization, Co!ddunction
Cormpensation
R1D {Resistance Temperature Current Excitation, Linearization
Detector)
Strain Gage Voltage Excitation, Bridge Coi}f:gu_ratlpn,
Linearization
Common Mode or High Voltage Isolation Amplifier
Loads Requiring AC Switching Electromechanical Relays or Solid-State
or Large Current Flow Relays
High-Frequency Noise l.ow-Pass Filters
¢ NATIONAL
NLEO ag INSTRUMENTS®
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Other Transducers

Position (e.g. linear or circular resistors,
ultrasound echoing)

Temperature (thermistor, thermocouple,
semiconductor)

Force/Pressure (strain gauge, piezoelectric)
Concentrations (pH, pO,, pCO,, other ions)
Light Absorption (photodiode)
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Noninvasive Blood Pressure
Measurement

—————y
\
I60- 2
120 \r

Cuff pressure mm Hg

Cuff pressure oscillations

Figure 7.22 The osciliometric method A compression cuff is inflated above
systolic pressure and slowly deflated. Systolic pressure is detected (Point 1)
where there is a transition from small amplitude oscillations (above systolic
pressure) to increasing cuff-pressure amplitude. The cuff-pressure oscillations
increase to a maximum (Point 2) at the mean arterial pressure.
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NIBP Monitor

External jif Internal Cuff pressure
Auto-zero Pressure D )
valve Sensor . - Multiplexer
j Gutif;pn.:ssure and+analog
———— —F converter
_ | Tuffation

system
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Figure 7.23 Block diagram of the major cmm@cmemrhs and subsystems of an
oscillometric blood-pressure monitoring device, based on the Dinamap unit,
I/0 = input/output; MAP = mean arterial pressure; -HHR = heart rate;
SYS = systolic pressure; DYS = diastolic pressure. From Ramsey M IIL
Blood pressure monitoring: automated oscillometric devices, J. Clin. Monit.

1991, 7, 56-67. de Bruin BME 701 2014
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