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Taxonomy of Medical Instrumentation

I. Instrument: Device which makes measurements.


A. Process, parameter or state being measured is called the measurand.

B. If measurand has time dependence, it can be called a signal.

1. A signal is multiple events with inferred relationship between events (i.e.  some underlying reason or event.)

C. Purpose of the instrument is to make  the measurand or signal more clearly perceptible.

1. Transduction:  Conversion of energy from one state to another

2. Amplification: Increasing size of the measurand or signal

3. Noise reduction:

a. Minimize noise pickup (shielding)

b. Frequency selection (filtering)

c. Algebraic manipulation (Common noise subtraction)

II. Instrumentation Concepts

A. Signal bounds

1. Maximum, minimum and range

2. Time response

a. Slew rate/rise time

b. Time lag

3. Frequency response

a. Band limitation

b. Effects on time response

B. Accuracy and Precision

1. Precision

a. Variation in response to identical input

b. Loss in precision due to noise (of some type)

2. Accuracy 

a. Deviation from objective truth or gold standard

b. Loss of accuracy due to calibration problems

C. Sensitivity

1. Change in output per unit change in input

a. If instrument has constant sensitivity, then it is linear.

D. Specificity

1. Sensitivity of device to desired measurand divided by sum of sensitivities to all other signal sources.

E. Hysteresis

1. Device response to change in signal is dependent on the sign of the change in signal.  

III. Types of instruments

A. Mechanical

1. Example:  Stethoscope

a. Pressure wave (no transduction)

b. Noise reduction

i. Filtering (tuned transmission)

ii. Shielding (Ear plugs block outside noise)

2. Example: Mechanical Rule

a. Measurement of distance

b. Changes in precision (stretch and compress)

c. Changes in accuracy (matching to standard)

d. Mechanical “noise”: 

i. Bending

ii. Thermal expansion

3. Example: Thermometer

a. Temperature expansion

b. Mechanical amplification (large bulb, skinny tube)

c. Inertia damps noise.

B. Electrical

1. Example

a. Thermal resistor temperature sensor

b. ΔT leads to ΔR

c. Circuit converts  ΔR to ΔV

d. Output as 7 segment display

C. Optical

1. Interaction of biological materials and light

a. Absorption

i. Beer Lambert Law

ii. Densitometry

iii. Spectroscopy

b. Reflection

i. Visual inspection

ii. Diffuse reflection for cancer identification

c. Scatter

i. Protein crystallography

d. Refraction

i. Circulating glucose sensing by sugar twist

2. In the end (with the exception of b.i.) signal is converted to electrical form.

D. Chemical

1. Taste

a. Example: Physician tasting blood of diabetic

2. Reagents

3. Change in fundamental property such as resistance

E. Biological

1. Canary as gas detector

2. Blue green algae as dissolved oxygen sensor

3. Antibody 

F. Mixed form

1. Reagent might cause color change, quantified by optical process , sensed electrically for processing .

IV. Issues of electrical instrumentation

A. Two things which humans can measure most precisely are voltage and time.

1. Of those two the only one we can manipulate is voltage.

B. Electrical and optical techniques have the speed of light as an upper bound, chemical and biological are diffusion bound, mechanical is limited by inertia.

C. We have significant tools for both the analog and discrete versions of electrical data and the hardware tools to convert between them.

D. Problems specific to real electrical measurements
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Thermal Noise
a. Arises from Brownian motion of electrons in resistor
2. Inductive Noise

a. Arises from magnetic coupling between wires

b. Function of frequency and orientation of wires

3. Artifact and Unipolar Noise

a. Artifact: Occasional upset of signal

i. Lack of regularity limits tools for removing

b. Unipolar noise

i. Adds bias to measurement

ii. Averaging does not remove 

iii. Example: Light leakage

4. Threshold and Saturation

a. Bounds on measurement

b. Distortions occur as boundaries are approached

E. Digital Signals

1. Sampling Theory

a. Nyquist Criteria

b. Real World Sampling

2. Quantization Error

a. Interaction of range, resolution and dynamic range

b. 1 LSB versus ½ LSB resolution 

3. Techniques for analog to digital conversion

a. Flash

b. Successive approximation

c. Up counting / Down counting

d. Dual Slope integration

4. Techniques for digital to analog conversion 

a. Weighted current sum

b. Resistive ladders.

c. Switched sums

5. Define prerequisites of digital devices 

a. Logic gates

b. Counters

c. Oscillators/Clocks

d. Other (Chips/ASICs/DSP)

V. Amplifiers – Presume prerequisite training

A. Voltage Gain

B. Current Gain

C. Transfer Function

D. CMRR

E. Threshold

F. Saturation

G. Input/Output Impedance Matching

VI. Signals and Noise 

A. Overlap with Signal Processing Thrust

B. Nature and parameters of noise.

VII. Analog Filtering and Frequency Dependent Circuits

A. Overlap with Signal Processing Thrust

VIII. Digital Signal Manipulation

A. Overlap with Signal Processing Thrust

IX. Measurement of Electrophysiology Signals

A. Sources

1. Electromylogram (EMG)

a. Electrocardiogram (ECG)

b. Skeletal muscle EMG

c. Electrogastrogram (EGG)

d. Electroretinogram

2. Electroencephalograms

a. Cranial EEG

b. Peripheral

c. Microneurography

3. Charge separation

a. Electrooculogram

b. Action potentials

B. Techniques

1. Surface Electrodes

a. Sponge

b. Plate

c. Suction

d. FET surfaces

2. Invasive

a. Microelectrodes

b. Vampire clips

C. Noise Sources

1. Electrode half cell (DC or slowly moving drift)

2. Injury potential

3. Other physiological signals

4. Wall power

5. RF

D. Noise Suppression Techniques

1. Shielding

2. Filtering

3. Common Noise Suppression

E. Electrode design, constraints

1. Resistance

2. Capacitance

3. Coupling/Impedance matching

4. Safety

F. Micro and Nano issues –

1. Still working on appropriate experts for this

X. Transducers


A. Transducers - verb Transduction

B. Devices which convert signals directly to voltage: Primary Transducer

C. Devices which convert signals to resistance or capacitance - Secondary Transducer

D. Each step an additional place for noise.

XI. Current

A. Physical Phenomena

B. Transduction to voltage

1. Resistor

2. Transformer

3. Current to voltage converter circuit

XII. Resistance

1. Physical Phenomena

2. R = ρl/A

a.  Resistivity (material property)

b. length

c. cross-sectional area

B. Transduction to voltage

1. Bridges

a. Principle of Null Measurement

b. Linearity 

i. Role of resistor size and placement

c. Improvement in specificity ( differential subtraction of environmental factors)

2. Half bridge and Linear circuits

a. Lack of  zeroing (both static and dynamic)

b. Introduce dynamic range issues

c.  Use of resistive sensors in feedback

i. Problems of hysteresis

ii. Self heating.

XIII. Capacitance

A. Physical Phenomena

1. C = εA/d

a. Dielectric (material property)

i. Dielectric breakdown voltage

b. cross-sectional area

c. plate spacing

B. Transduction to voltage

1. Bridges

a. Issues of Phase with AC bridges

b. Sensitivity and resonance

c. Improvement in specificity ( differential subtraction of environmental factors)

2.  Filter circuits

a. Fixed input size, output size sensitive to C

i. Lack of  linearity

ii. Range in ΔC

iii. Sensitivity to ΔVin and ΔR

b. Phase shift circuits

i. Improved sensitivity

ii. Reduced Range

XIV. Inductance

A.   Physical Phenomena

1. L = N2πR2μ/l

a. Permeability (material property)

i. Air versus iron

b. Resistive and Capacitive effects

B. Transduction to voltage

1. Bridges

a. Issues of Phase with AC bridges

b. Sensitivity and resonance

c. Improvement in specificity ( differential subtraction of environmental factors)

2. Filter circuits

a. Fixed input size, output size sensitive to L

i. Lack of  linearity

ii. Range in ΔL

iii. Sensitivity to ΔVin and ΔR

b. Phase shift circuits

i. Improved sensitivity

ii. Reduced Range

XV.  Magnetic Field

A. Physical Phenomena

B. Transduction to voltage

1. Induced current

2. SQUID

3. Magnetoresistance

XVI.  Energy (Heat)
A. Touch: 

1. cheap

2. portable

3. Self healing

4. Low resolution

5. Affected by environmental variables

B. Mercury Expansion

1. Sensitivity 

a. Long skinny tube with well leads to large distance change with small volume change,

C. Wire coil – Thermostat. 

1. As metal expands, coil unwraps.

2. Rugged, simple

3. Requires no power

4. Insensitive 

D. Thermocouple

1. Primary transducer

2.  Seebeck effect:

a. Secondary: Voltage related to temperature

b. Advantages: Linear, Rugged, cheap

c. Disadvantages: not real sensitive: 5000C = 20.64 mV

3. If one is good many are better: Thermopile

a. Advantage: Increased sensitivity

b. Disadvantage: Slower and more expensive

E. Thermistor: 

1. Change in R versus temperature

2. Secondary transducer

3. Combination of metal and non metal – 

a. increased heat increases electron motion, 

b. breaks bonds with non-metal  dropping resistance

4. Advantages: Linear, good range

5. Disadvantage: Sensitivity versus speed tradeoff

F. Diodes: 

1. Vto is function of temperature

2. Small, fast

3. ΔVto is linear over human temperature range 

G. Zener diodes (VZ is function of temp)

1. Advantages: Linear, Small

2. Disadvantages: Small range, require circuitry

H. Pyroelectrics

1. Fast, Sensitive

2. Measure temperature change only

I. Quartz oscillators

1. trinary ‑ involved circuitry

2. Sensitive to VERY small changes

J. Thermograms

1. Black body radiation

a. 
[image: image8.wmf]TRf

K

4

 

=

 

V

BW

B

n


b. Relates increased temperature to increased IR output

XVII. Energy (Light)
A. Sensitivity.  D*

B. A figure of merit used to characterize performance, equal to the reciprocal of noise equivalent power ( NEP ), normalized to unit area and unit bandwidth. (www.atis.org)

C. Speed (τ)

1. Risetime responsiveness also temporal frequency response

D. Frequency(υ) response

1. To which frequencies of light, is the device sensitive?

E. Specificity

1. Can also be considered as a light bandwidth measure.

F. Photon Detector s

1. Dependent on the energy of the photon, generally in conversion to, or freeing of an electron.

2. Usually considered only good to about 4μ wavelength

a. Photovoltaic

i. P (phosphorus) and N (boron) doped silicon.  

ii. Electrons mobilized by light lead to charge separation

b. Photodiodes (PN)

i. Scintillation (creation of hole-electron pair) from light into intrinsic material

ii. Bias causes separation of pair – revealed as current

c. PIN Diodes

i. Larger intrinsic area gives both increased sensitivity and increased linearity.

ii. Can be tuned for visible light through RF

d. Phototransistors

i. Electron flow is used as bias current.

e. Charge Coupled Devices (CCDs)

i. Electrons are stored as charge, build up with continued exposure

ii. Read out in lines.

iii. As charge well get smaller (increasing resolution), sensitivity in any well goes down, thereby increasing the effect of random noise. 

iv. Since they can only be read out in lines, increasing the number of cells, increases the time to read out. 

f. Photoconductive‑ Photoresistors

i. Generally Cadmium-Sulfide

ii. Photons create free electrons, causes drop in resistance

g. Photo emissive: Photomultipliers

i. Electron emissions from scintillator

ii. Accelerated from Scintillator by dynode.

iii. Arrive with enough energy to free electrons from dynode surface.

iv. Secondary electrons are accelerated to next dynode

v. And so forth

G. Thermal

1. Broadband, can detect wide bandwidth

2. Tend to have long rise times (τ)

3. Use blackbody absorbers and temperature sensors

a. Bolometers

i. Golay cells

b. Thermopiles

c. Pyroelectrics 

i. Need chopper

XVIII.  Linear Motion
A. Distance 

1. Rules and Scales

a. Distance measure as agreement (standards and comparisons)

b. Issues of materials in rules and scales (stretch and bend)

2. Rolling Balls

a. Allows greater range for given measurement device

b. “No slip” condition

3. Triangulation

a. Light/EM

b. Sound

4. Time of flight

a. Time=distance/velocity

b. Light/EM

c. Sound/Ultrasound

5. Interferometry

a. Wavelength limitation

b. Can be “no-touch”

6. Optical Linear Encoders

a. A form of rule

7. Linear Variable Distance Transducers 

a. Induction device

b. Effectively a touchless but not loadless system 

8. Strain Gages

a. Mercury tubes

b. Slide potentiometers

c. Film strain gages

B. Velocity (See Flow as well)
1. Remarkably difficult to measure directly 

2. First Difference of Distance

a. Measure distance twice, and Δ time and calculate

3. Doppler (See Flow)
4. Transit time
a. Sound sent through a medium travels more quickly with velocity than against it.
C. Acceleration
1. Hanging Weight

2. Diving Board
3. Piezo (shear) accelerometers
XIX. Angular Motion



A. Potentiometers
1. Angle as change in resistance
2. Noisy (wiper noise)
3. Nonlinear
4. Thermally sensitive (change in ρ, A and l)
B. Synchro-Resolver 
1. Angular version of LVDT
2. Rugged 
3. Environmentally robust
C. Optical Encoders
1. Absolute
2. Incremental
XX. Force
A. Piezoelectrics

1. Material property of crystalline structures

2. Only good for measuring changing loads

B. Hookes Law Transducers

1. F= -kΔx: 

2. Use spring and distance transducer

3. Concept of unloaded length of spring

XXI. Torque

A. Rotational Hooks Law Transducer

B. Shear Piezos

C. Viscous fluid cell

XXII.  Pressure
A. Diaphragms

1. Circumference change: Strain gage
2. Linear deflection - Camino - interferometer.
3. Inductive
B. Pressure to Force change
XXIII.  Flow

A. Probably the toughest  thing to measure

1. 4 dimensional

2. Only occurs in fluids
B. Cups and Turbines

1. Spin with flow, count spins

2. Only sample flow

3. Inertia can lead to fluid compression on start, spin down at end

4. Really measures velocity

C. Pitot Tube

1. Pressure measure related to velocity

D. Venturi

1. Pressure measure related to velocity

E. Doppler 

1. 
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a. FD = Doppler Frequency (Difference between transmitted and received)

b. Fi=Initial or Transmitted Frequency

c. V = Velocity , VcosΘ is component towards transducer

d. C is velocity of energy propagation 

2. Only works in particle flow

3. Sensitive to angle and initial frequency

4. 4. Really measures velocity

F. Electromagnetic : 

1. E = Blu (Derived from electric field and magnet force balance)

2. Only good for ionic flow

3. Really measures velocity

G. Hot Wire Anemometer

1. Determine flow by energy needed to hold heat source at fixed temperature above background

2. Sensitive to changes in heat capacity of medium

3. Since heat dissipates into volume, true flow measurement

H. Bending wire

1. Dissimilar metals produce voltage across join when bent.

2. Similar to thermocouple, tough to distinguish thermal from bending

3. Very rugged

I. Bending fiber

1. Total internal reflection based on straight fiber

2. As fiber bends, more light can leak into cladding

J. Indicator Dilution

1. Known amount of dye (color, heat, radioactive) material injected into flow

2. Mixing is a function of “perceived” volume, flow affects curve shape

3. True Q calculation (if dye is impermeable to container)

4. Excellent for distributed flow

XXIV. Chemical Sensors 

A. Hydrogen Electrode

1. Nernst Equation 

a. 
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c. F is Faradays Constant (charge carried by 1 mole of electrons), T is temp, R is universal gas constant, z is valence.

d. Single Specie, generally hydrogen

e. Osmotic versus electric field balance

B. Other Ions

1. Goldman  

a. 
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b. P is permeability, E is concentration in electrode, u is unknown

c. Presume univalent

d. Key is differing permeability of membrane by ions. So the magic is in the membrane

C. Oxygen electrode (Clarke)
1. 2 electrodes, one silver the other silver chloride
2. Equation O2+2H++4e- → H202 

3. Consumptive process (consumes oxygen in measurement)

D. ChemFETS
1. Interaction on Gate surface causes charge differential between Gate and Source leading to current flow.
E. ENFETS
1. Encapsulization of enzyme under membrane 
2. Enzyme reaction causes charge imbalance.  
3. Examples
a. Urease
b. Acetylcholinase
c. Glucose sensor: Glucose Oxidase
F. Hybrids
1. Encapsulization of living objects such as bacteria
2. Measure change in objects due to sensed chemical
G. Mass Spectrograph
1. Ionic particles are accelerated and  pass through electrical and magnetic fields.
2. Differing masses under same acceleration generate different forces.  
3. Effect of fields is to bend the stream, causing particles to strike different areas of the detectors. 
H. Electrophoresis
1. 1-Dimensional
a. Use either gravity or electric field to accelerate particles in gel
b. Size of particles determines gel resistance to flow
c. Spread by size.
2. 2-Dimensional
a. Use both gravity and electric field
I. Change in resistance
1. Dialysis Fluid
J. Fluorescence
1. Use high energy (generally UV) light to stimulate re-emission of light (generally in visible) of optically active materials (called Chromophores).
K. Beer’s law optics
1. 
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2. ε(λ) is frequency dependent extinction coefficient, a material property

3. C is concentration

4. l is path length

5. If pure material then εC becomes α(absorption) and a plot of α(λ) is a qualitative measure called an absorption spectrum.

a. Process is called spectroscopy

6. If strong absorber relative to background then C can be determined (quantitative measure).

a. Process is known as densitometry.

b. If two strong absorbers then dual beam densitometry can resolve individual concentrations.

XXV. Radiation sensing
A. Film
1. Silver Ions and halogen (generally Bromide)
2. Photons interact with halogen free electrons
3. Electrons convert silver ions to metallic silver
4. Film speed is the number of photons required to change grain state of developing.
B. Scintillation
1. Certain crystalline materials, such as salt (NaCl) emit visible light when struck by Xrays.
2. Visible light can be captured by eye or camera. 
C. Ionization
1. Gas
a. Noble gas, no spare electrons, high resistance
b. Xray strikes gas molecule freeing electron.
c. Free electrons temporarily drop resistance across gas container.
2. Selenium
a. Surface can be ionized and then “read” by change in laser diffraction f the surface.
3. Xeroxography
a. Ionization causes attraction of charged “toner” particles.
D. Direct Capture

1. High energy photons can be captured by CCD well.

2. Problems with the photons interacting with (and eventually destroying the intrinsic material of the device).

XXVI. Output Methodologies

A. Getting information to user.

B. Human Factors

1. Visual and auditory sensitivity, dynamic range, response time.

2. ROC analysis

C. Optical outputs

1. Meter  

a. Amplified current proportional to signal is run through coil surrounded by permanent magnets. EMF causes needle to move.

2. Strip Chart

a. Similar to meter except paper passes under needle. Pen attached to needle gives permanent record.  Time is coded as distance on paper

3. CRTs

a. Electron gun to illuminate phosphors

i. X&Y deflection grids

ii. Time as X trace, signal as Y – Oscilloscope

iii. X&Y control – Video display

iv. Phosphor issue

b. CRT Alternatives

i. LCD

ii. Plasma

iii. Field emission displays

4. Bar Display

a. Information is coded as line on bar graph

b. LM 3914 (linear) LM3915 (logarithmic) 

i. Use reference voltage, resistor tree and comparators to make binary decisions at adjustable steps.

5. A/D

a. Conversion of analog signal to digital form for display

b. Can be display of direct values or derived values such as frequency content.

c. For direct visualization 24 to 30 updates per seconds maximum.

6. Digital Display

a. LED’s

b. 7 Segment

i. Conversion to BCD

c. LCD’s

D. Sound outputs

1. Loudspeakers

a. Coil with permanent magnets cause speaker motion to move air.

b. Piezospeakers

2. Examples:

a. Warning buzzer on physiological monitor:

i. Beep on QRS signal

ii. Tone on flatline ECG

b. Doppler frequency from flow probes

i. Carotid Stenosis leads to high frequencies

ii. Placental insufficiencies. 

XXVII. Storage

A. Record Keeping

1. Advantages

a. No real formatting issues

b. Portable

c. Legal value if witnessed

2. Disadvantages

a. Not Searchable

b. Quickly inadequate to large amounts of data

c. Paper is not permanent

B. Tape

1. Advantages

a. Easily converted to memory

b. Archival (for a while)

c. Capable of a large amount of storage

d. Electronically searchable

2. Disadvantages

a. Tape is not permanent (time, magnetic fields and mechanical stress)

b. Format and form factors change 

c. Have to be read linearly

C. Disk

1. Advantages

a. Easily converted to memory

b. Archival (for a while)

c. Capable of a large amount of storage

d. Electronically searchable

e. Random read capable

2. Disadvantages

a. Still not permanent (time, magnetic fields and mechanical stress)

b. Format (FAT versus NFS) , CD (ISO9600, Orange book…)

c. Head crashes

d. Not a legal record yet.

D. Memory

1. Advantages

a. Fast 

b. Archival (for a while)

c. Capable of a large amount of storage

d. Electronically searchable

e. Random read capable

f. New methods are suggesting decades of shelf life

2. Disadvantages

a. Not a legal record yet.

b. Technologies still in development

XXVIII. Issues of MEM Sensors

A. Speed increases with smaller size

B. Smaller samples. implantation

C. Power issues

D. Interconnection issues

E. Failure of the continuum assumption

1. As size diminishes blood becomes plasma, RBC’s, WBC’s and proteins 

F. Importance of surface effects

G. Nanosize issues

1. Molecular interactions.

XXIX. Safety

A. Power to a clinical environment, 

1. Grounding issues 

a. Physiological effect of current (macro/micro shock), 

b. GFCI’s operation,

c. Isolation transformers.

d. Isolation  amplifiers

B. Other Energy Issues

1. Radiation

2. Heat

3. Mechanical vibration

C. Mechanical Safety

D. Chemical Safety

E. Software issues

1. Therac 25 example

2. Image-Guided Therapy

F. Safety organizations, standards and codes

1. IEC 

2. NEC 

3. NEMA 

4. NFPA

� EMBED Equation.3  ���
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