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Ethics 

Ethics, Morality and Law 

 Ethics is a set of moral principles and a code for behavior that govern an 
individual’s actions with other individuals and within society. 

 Morality is what people believe to be right and good, while ethics is a 
critical reflection about morality. 

 Laws are brought about by tension, agiation and conflict. Laws are societal 
rules or regulations that are obligatory to observe. Laws protect welfare 
and safety of society, resolve conflicts, and are constantly evolving. Laws 
have governed the practice of medicine for over a century. 

 
Bioethics 
Bioethics refers to the moral issues and problems that have arisen as a result of 
modern medicine and medical research. Issues in bioethics are usually life-and-
death issues. 
 
Laws are mandatory to which all citizens must adhere or risk civil or criminal 
liability.  
Ethics relate to morals and help organize complex information and competing 
values and interests to formulate consistent and coherent decisions. 
 
Ethical Dilemma 
In healthcare and research, value conflicts arise where often there appears to be 
no clear consensus as to the “right thing to do”. These conflicts present 
problems requiring moral decisions and necessitate a choice between two or 
more (usually undesirable) alternatives. 
 

Ethical Theories – Ideas and Actions 
Deontology / Duty 
 Considers that some acts are right or wrong independent of their 

consequences. 

 Looks to one’s obligation to determine what is ethical and answers the 
question: What should I do and why should I do it. 

 

Consequentialism / Action 
 Teleological Ethics, Telos – end or consequence 

 Actions are determined and justified by the consequence of the act. 

 Consequentialists consider all the consequences of what they are about to 
do prior to deciding a right action. 

 This also answers the question: What should I do and why should I do it? 
 

Other Ethical Theories 
Virtue Ethics: Contrary to other ethical theories, virtue ethics tells us what kind 
of person one ought to be, rather than what they do. The focus is on the 
character (goodness) of the person. 
Intuitionism: Resolves ethical dilemmas by appealing to one’s intuition, a moral 
faculty of a person which directly knows what is right or wrong. (Gut Feeling) 
Utilitarian Ethics: Considers the greatest good for the largest number of people. 
Also answers the question: What should I do and why? 
 

Ethical Principles 
Conflict is inevitable. Ethical principles provide the framework/tools which may 
facilitate individuals and society to resolve conflict in a fair, just and moral 
manner. 
 
Autonomy / Freedom 
The right to participate in and decide on a course of action without undue 
influence. Self-Determination: which is the freedom to act independently. 
Individual actions are directed towards goals that are exclusively one’s own. 
 
Veracity 
The duty to tell the truth. Honesty 
 
Privacy/Confidentiality 
Respecting privileged knowledge. Respecting the “self” of others. 
 
 
 

Beneficience/Nonmaleficience 
The principle and obligation of doing good and avoiding harm. This principle 
counsels a provider to relate to clients in a way that will always be in the best 
interest of the client, rather than the provider. 
 
Fidelity 
Strict observance of promises or duties. This principle, as well as other 
principles, should be honored by both provider and client. 
 
Justice 
The principle that deals with fairness, equity and equality and provides for an 
individual to claim that to which they are entitled. 
Comparative Justice: Making a decision based on criteria and outcomes, ie: How 
to determine who qualifies for one available kidney. 55 year old male with three 
children versus a 13y old girl. 
Noncomparative Justice: A method of distributing needed kidneys using a 
lottery system. 
 

Codes of Ethics 
 Adopted by professional organizations. 

 Summarize basic principles and behavior expected by all in that discipline. 

 Meant to govern conduct of members of given profession 
 
American Medical Association (AMA) Principles of Medical Ethics 
Discusses Humand dignity, Honesty, Responibility to society, Confidentiality, 
Need for continued study, Patient autonomy, Responsibility to improve 
community, Responsibility to patient and Support access to medical care for all 
people. 
 
Nurses’ Code of Ethics 
Developed by International Council of Nurses 
 
Code of Ethics of the American Association of Medical Assistants (AAMA) 
Provides guidance for many of the dilemmas regarding right and wrong that 
medical assistants face on an almost daily basis. 
 

Bioethical Issues 
Issues resulting from advances in medical technology. Examples: cloning, 
harvesting embryos, and in-vitro fertilization. 
 
Ethics of Transplant Rationing 
Criteria for rationing transplants are controversial. 

 In donation model, organs are taken (harvested) with consent of donor (or 
donors surrogate representative). 

 The Uniform Anatomical Gift Act permits competent adults to allow or 
forbid use of their organs after death. 

 
Ethics of Biomedical Research 

 Humans cannot be used for testing unless they consent to participate. 
Justification for all medical research is that benefits must outweigh risks. 

 Researcher must abide by established standards for testing. Institutes that 
receive federal research funds must have Institutional Review Board (IRB) 
to oversee research. 

 
Consent 
Informed consent necessary in therapeutic research. Patients must be made 
aware of all risks involved and about type of research design. Physician must 
explain all facts of research, even if this means patient may decide not to 
participate. 
 
Conflict of interest 
May arise if researcher’s interests are placed above interests of the patient. 
 
Ethics of RCT’s 
Many believe it is unethical to use control groups because participants have no 
hope of benefitting from the study. 
Neither experimenter nor patient knows who is getting treatment. Are patients 
fully aware that they may not be receiving any treatment whatsoever? 
 

Ethics Committtees 
Functions are: Education to committee members themselves, facility’s staff and 
the community. Development and review of laws, standards of care and 
institutional policies and guidelines. Case consultation. 
Committees are expanding their scope to include organizational ethics 
considering questions regarding Finances, Administration, Organization and 
Human resources. 
In Future, ethics consults may provide for the management of a health care 
facility just as ethics consults are now available for patients and staff. 
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Biomedical Sensors I 

Exam material for Biomedical sensors I/II is based on Enderle Chapter 10. 
 

Introduction 
Sensor Classifications 
Biomedical sensors are typically categorized as physical, electrical, or chemical, 
depending on their specific applications. 
Biosensors:  
A sublassification of biomedical sensors that has two distinct components: 

 Biological recognition element: Enzyme, antibody or receptor that 
provides selectivity and senses the chemical component (analyte) 

 Supporting structure: Also acts as the transducer in contact with the 
biological recognition element. Converts the biochemical reaction into the 
form of an optical, electrical or physical signal. 

 

Sensor Packaging 
Packaging of biomedical sensors, especially for in vivo applications must 
consider safety, long operational lifetime and biocompability. 

 Protein absorption and cellular deposits can alter permeability of sensor 
packaging. 

 Improper packaging of sensors could lead to drift and gradual loss of 
sensor sensitivity 

 Inflammation, infection and clotting may produce harmful effects 
 

Sensor Specifications 
Sensitivity 
Ratio of output change for a given input. 
Also defined as the slope of the calibration 
line. 
Alternatively, sensitivity can be defined as 
the smallest change in the input quantity 
that will result in a detectable change in 
sensor output (=resolution?). 
 
Range 
Corresponds to the minimum and maximum operating limits that the sensor is 
expected to measure accurately. 
 
Accuracy 
Difference between the true value and the value measured by the sensor. 
Typically expressed as ratio between preceding difference and true value. 
 
Precision 
Refers to the degree of measurement reproducibility. Not to be confused with 
accuracy. Measurements may be highly precise but not necessary accurate 
(Offset?). 
 
Resolution 
Smallest distinguishable input change that can be detected with certainty. 
 
Reproducibility 
How close measurements are when the same input is measured repeatedly over 
time. Typically high when range of measurements is low. May vary depending 
on measurement range. 
 
Offset 
Refers to the output value when the input is zero. 
 
Linearity 
Measure of maximum deviation of any reading from a straight calibration line. 
Calibration line is typically defined by the least-square regression fit of inputs 
versus output. Typically expressed as percent of either the actual reading or the 
full-scale reading. 
Although a linear response is sometimes desired, accurate measurements are 
possible with a nonlinear response as long as the input-output relation is fully 
characterized (“lookup-table”). 
 
Response time 
Indicates the time it takes a sensor to reach a certain percent (e.g. 95%) of its 
final steady-state value when the input is changed. Ideally, a short response 
time indicates the ability of a sensor to respond quickly to changes in input 
quantities. 
 
 
 
 

Drift 
Refers to the change in 
sensor reading when 
the input remains 
constant. 
Input-output relation 
may vary over time or 
depend on another 
independent variable. 
This can lead to zero 
(or offset) drift or a 
sensitivity drift. Both zero and sensitivity drift specify the total error due to 
drift.  
 
Hysteresis 
If a sensor exhibits hysteresis, the input-output 
relation is not unique but depends on the direction 
of change in the input quantity.  
 
 
 

Biopotential Measurements 
Electrodes are used to couple the ionic potentials generated inside the body to 
an electronic instrument. Biopotential electrodes can be either noninvasive or 
invasive. 
Body fluids are corrosive to metals. Furthermore some materials are toxic to 
living tissues. For implantable applications, stainless steel or noble metals such 
as gold are used as these do not react chemically with tissue electrodes. 
Unfortunately they give rise to large interface impedance and unstable 
potentials. 
External monitoring electrodes can use nonnoble metals like silver but have to 
address the large skin interface impedance. 
 

The Electrode/Electrolyte interface 
When a metal is placed in an electrolyte, a charge distribution is created which 
causes an electric potential, called half-cell potential. The potential drop 
between two electrodes can be calculated as 

𝑈 = 𝑈1 − 𝑈2 
Typically, biopotential measurements are made by using two similar electrodes 
of the same metal. In theory, half-cell potentials would be cancelled out. In 
practice, disparity in electrode material and skin contact resistance can cause a 
significant DC offset voltage drop across the body. This may cause base line drift 
or instability in the recorded biopotential. 
 

ECG Electrodes 
A typical noninvasive  
flexible biopotential 
electrode for ECG 
recording is composed of 
polymers or elastomers 
that are made electrically 
conductive by addition of 
carbon or metal powder.  
 
The most common type of 
biopotential electrode is the silver/silver chloride electrode (Ag/AgCl). These are 
embedded in electrolyte soaked foam which provide good electrical contact 
with the skin and reduces motion artifacts. 

 
EMG Electrodes 
For noninvasive recording, skin cleansing with alcohol and electrolyte paste 
helps to minimize the skin-electrode interface impedance. The most common 
electrodes for surface EMG are circular discs made of silver or platinum. 
 
For in vivo EMG of nerves 
and muscle fibers, 
percutaneous needle 
electrodes are available. 
The most common needle 
electrode is the concentric 
bipolar electrode 
(recording and reference 
electrode). The unipolar 
electrode requires a second 
unipolar reference electrode to form a closed circuit. 
The second recording electrode is normally placed either adjacent to the 
recording electrode or attached to the surface of the skin. 
 
 



EEG Electrodes 
For external monitoring, cup electrodes made of platinum or tin are used. 
Recording electrical potentials from the scalp is difficult because hair and oily 
skin impede good electrical contact. 
Subdermal EEG electrodes are fine platinum or stainless-steel needle electrodes 
which are inserted under the skin to provide a better electrical contact. 
 

Microelectrodes 
Microelectrodes are biopotential electrodes with an ultrafine tip which can be 
inserted into individual cells to measure action potentials of single cells. 

 Capillary glass microelectrode: A hollow glass capillary tube filled typicalls 
with KCl electrolyte 

 Insulated metal microelectrode: A small-diameter strong metal wire 
sharpened down to a few micrometers by electrochemical etching. 

 Solid-state multisite recording microelectrode: Solid-state 
microfabrication techniques can be used to produce microprobes. These 
consist of a precisely micromachined silicon substrate with multiple 
exposed recording sites.  

 

New – Patch-clamp with FluidFM 
 FluidFM: a new tool to interact with biological objects at the nano-scale 

 Stable measurement due to precise position and force control 

 Possibility for automation 

 Simultaneous measurement of force and ionic currents 

 Patching cells in action – mechanobiology 

 Patching heart cells – pharma research and toxicology 

 Combination of patching and injection is possible 
 

Physical measurements 
Displacement Transducers 
Inductive displacement transducers 
Based on the inductance of a coil. These types of transducers measure 
displacement by changing either the self-inductance of a single coil or the 
mutual inductance coupling between two or more stationary coils. 

𝐿 = 𝜇𝑛2𝑙𝐴. 
 
Electromagnetic (blood) flow transducer 
If a blood vessel is placed in a uniform magnetic flux that is perpendicular to the 
direction of blood flow, charged particles will be deflected in opposite directions 
creating an electrical field by the 
displacement of the charged particles. 

�⃗� = 𝑞(�⃗⃗� × �⃗⃗�) = �⃗�0 = 𝑞 × �⃗⃗� = 𝑞 ×
𝑉

𝑙
 

 

𝑉 = 𝐵 × 𝑙 × 𝑢 
 
Potentiometer displacement 
transducers 
A resistive-type transducer that converts either linear or angular displacement 
into an output voltage by moving a sliding contact along the surface of a 
resistive element 

Δ𝑉 = 𝐼 × Δ𝑅(𝑥, 𝜙) 
 
Elastic resistive transducers 
An elastic resistive transducer consists of a thin elastic tube filled with an 
electrically conductive material. The resistance of the conductor inside the 
tubing is given by 

𝑅 = 𝜌
𝐼

𝐴
 

 
Strain gauge transducers 
Strain gauges are displacement-type transducers that measure changes in the 
length of an object as a result of an applied force. These transducers produce a 
resistance change that is proportional to the fractional change in the length of 
the object, also called strain S 

𝑆 =
Δ𝑙

𝑙
 

Δ𝑅 = 𝜌 ×
2Δ𝑙

𝐴
=

2Δ𝑙

𝑙
× 𝑅 

 
Capacitive transducer 
The method that is most commonly employed to measure displacement is to 
change the separation distance d between a fixed and a movable plate of a plate 
capacitor. This arrangement can be used to measure force, pressure or 
acceleration.  

𝐶 = 𝜀0𝜀𝑟

𝐴

𝑑
 

Alternatively, it is possible to add a third plate and form a differential-type 
capacitance transducer which provides improved sensitivity. 

 
Piezoelectric transducer 
A piezoelectric transducer consists of a small crystal (e.g. quartz) that contracts 
if an electric field (usually in the form of a short voltage impulse) is applied 
across its plates. Conversely, if the crystal is mechanically strained, it will 
generate a small electric potential. 

𝑄 = 𝑘 × 𝐹 

Δ𝑉 =
Δ𝑄

𝐶
=

𝑘 × 𝐹

𝐶
=

𝑘 × 𝐹 × 𝑑

𝜀0𝜀𝑟𝐴
 

 
They are also used in pairs for distance measurements (one for sound producing 
and one for sound measurement. 

𝑑 = 𝑐𝑡 × 𝑡 
 
Microelectromechanical System Transducers (MEMS based pressure sensor) 
A pressure sensor based on MEMS technology is based on the deflection of a 
micromachined silicon diaphragm mounted on a piezoresistive transducer that 
changes its output voltage with corresponding variations in the applied 
pressure. 
To date, the biggest success in medical MEMS technology is the development as 
a disposable transducer for use in invasive blood pressure monitoring. 
 

Airflow Transducers 
One of the most common airflow transducers is the Fleish pneumotachometer 
which produces a slight pressure drop as the air is passed through the tube. The 
signal produced by the differential pressure transducer is proportional to the air 
velocity (Δ𝑝 ~𝑣). 
A small heater heats the screen so water vapor does not condense on it over 
time and produces an artificially high pressure drop. 
 

Temperature Measurement 
Thermistors 
Thermistors are temperature-sensitive transducers made of compressed 
sintered metal oxides that change their resistance with temperature. Note that 
thermistors have a nonlinear relationship between temperature and resistance 
and a negative temperature coefficient (increasing the temperature decreases 
the resistance of the thermistor. 

𝑅𝑇 = 𝑅0 × exp [𝛽 × (
1

𝑇
−

1

𝑇0

)] 

Thermistors can be used in a Swan-Ganz thermodilution catheter for to measure 
cardiac output by integrating the change in blood temperature immediately 
following a cold bolus injection into the atrium. 
 
Thermocouple based T sensor 
When two junctions of dissimilar materials are 
maintained at different temperatures, an EMF is 
generated. The magnitude of the EMF is 
dependant on the temperature at the junctions 
and the properties of the materials. This means 
that the thermocouple is only capable of 
recognizing a temperature difference and cannot 
measure absolute temperature directly. 
 

𝐸 = 𝑐0 + 𝑐1𝑇 + 𝑐2𝑇2 + ⋯ 
𝑐𝑖: calibration coefficients 
𝑇: Temp. in Centigrade 
𝐸: EMF in mV 
 
The Seebeck coefficient 𝛼 describes the temperature sensitivity 

𝛼 =
𝑑𝐸

𝑑𝑇
= 𝑐1 + 2𝑐2𝑇 + ⋯ 

 
Thermocouple probes are small, fast and durable. 
 
Infrared thermometer / Tympatic thermometer 
A Noncontact thermometer that tracks core temperature by about 0.5-1.0°C. 
Infrared radiation from the tympanic membrane is channeled to a heat-sensitive 
detector through a metal waveguide. 
 
Temporal artery thermometer 
The measurement is based on scanning the area above the temporal artery 
(1mm below the skin) using an IR detector similar to the sensor used in the 
tympanic thermometer. 
The thermometer measures ambient temperature and skin temperature over 
the temporal artery and computes core body temperature using a heat balance 
equation. 
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Biomedical Sensors II 

Exam material for Biomedical sensors I/II is based on Enderle Chapter 10. 
 

Blood Gas Sensors 
Measurements of pO2, pCO2, and pH 
 

Oxygen Measurements 
Blood Gas Sensors: Oxygen Measurement  
Oxygen: 2% dissolved, 98% attached to hemoglobin 
 
Clark-type pO2 sensor 
Measurement of partial pressure of O2 gas in a sample of blood. Anode and 
Cathode in an electrolyte with applied voltage of around 0.6V. Redox reaction 
generates a small current: 
Cathode: 

𝑂2 + 2𝐻2𝑂 + 4𝑒−  ↔ 4𝑂𝐻− 
Anode: 

𝐴𝑔 ↔ 𝐴𝑔+ + 𝑒− 
𝐴𝑔+ + 𝐶𝑙− ↔ 𝐴𝑔𝐶𝑙 ↓ 

 
The current flowing between anode and cathode is directly (linear) proportional 
to the number of O2 molecules constantly reduced. 
By measuring the change in current between the cathode and the anode, the 
amount of oxygen dissolved in the solution can be determined. 
 
Transcutaneous pO2 sensor 
– Clark-type transcutaneous 
pO2 sensor 
Here the partial pressure of 
the oxygen that diffuses 
from the blood through the 
skin is measured instead. 
The skin is heated for 
vasodilation to occur. Often 
used to monitor newborns. 
Gets unreliable as the skin 
thickens.  
 
Absorbance of hemoglobin - oximetry 
Measurement is performed at two distinct wavelengths. Optical extinction 
coefficients of Hb and HbO2 differ at 𝜆1 = 660𝑛𝑚 but are equal at 𝜆2 =
805𝑛𝑚. 

𝑃𝑡 = 𝑃0 ⋅ 10−𝑎𝑏𝑐 
 
𝑃𝑡 , 𝑃0: transmitted light power, incident light power 
𝑎: exctinction coeff 
𝑏: path length 
𝑐: concentration 
 

𝑇 =
𝑃𝑡

𝑃0

            𝑂𝐷 = log
1

𝑇
= 𝑎𝑏𝑐 

𝑂𝐷(𝜆1) = 𝑎1𝑏𝑐𝐻𝑏         𝑂𝐷(𝜆2) = 𝑎2𝑏(𝑐𝐻𝑏 + 𝑐𝐻𝑏𝑂2
) 

 

𝑆𝑂2 =
𝑐𝐻𝑏

𝑐𝐻𝑏 + 𝑐𝐻𝑏𝑂2 
=

𝑎2

𝑎1

𝑂𝐷(𝜆1)

𝑂𝐷(𝜆2)
 

𝑆𝑂2: Oxygen saturation 
 
Can be measured in vitro or in vivo 
 
Continous monitoring and Pulse oximetry 

  
 
pH Electrodes 
In a dilute solution, the product of hydrogen ion and hydroxyl ion 
concentrations is a constant 10−14.  In normal blood, pH is maintained under 
tight control and is typically around 7.40 (slightly basic). By measuring blood pH, 
it is possible to determine whether lungs are removing sufficient CO2 gas or how 
well the kidneys regulate acid-base balance. 
 

Principle of a pH electrode 
pH electrodes are potentiometric electrodes 
(electrochemical sensors that produce a 
voltage). They consist of two separate 
electrodes, an reference electrode and an 
active (indicator) electrode. 

𝑉 = −59𝑚𝑉 ⋅ log10 𝐻+ + 𝐶 
𝑝𝐻 = − log10 𝐻+  

𝑉 = 59𝑚𝑉 ⋅ 𝑝𝐻 + 𝐶 
The value of C is usually compensated by 
calibration with buffer solutions with known 
pH values.  
 

Carbon Dioxide / pCO2 Electrode 
When CO2 is dissolved in water, it forms 
H2CO3 which subsequently forms free 
hydrogen and bicarbonate ions. As a result, 
the pH of the solution is changed. This 
change generates a potential between the 
glass pH and a reference (e.g. Ag/AgCl) 
electrode that is proportional to the negative 
logarithm of the pCO2.  
 

𝐶𝑂2 + 𝐻2𝑂 ↔ 𝐻2𝐶𝑂3 ↔ 𝐻+ + 𝐻𝐶𝑂3
− 

 
 
 

Bioanalytical Sensors 
Biomolecules such as enzymes, antibodies, microorganisms as well as animal 
and plant cells have been used as biological sensing elements. 
 
Enzyme-Based Biosensors 
For practical biosensor applications, enzymes are normally immobilized by 
insolubilizing the free enzymes via entrapment into an inert and stable matrix 
such as starch gel, silicon rubber or polyacrylamide. 
Biocatalytic enzyme-based sensors generally consist of an electrochemical gas-
sensitive transducer or an ion-
selective electrode with an 
enzyme immobilized in or on a 
membrane that serves as the 
biological mediator. 
 
Ex: Principle of a glucose sensor 
Currently available glucose 
sensors are based on an 
immobilized enzyme, such as 
glucose oxidase, that acts as a 
catalyst. 
Glucose is detected by 
measuring electrochemically 
either the amount of gluconic 
acid or hydrogen peroxide 
(𝐻2𝑂2) produced or the amount of Oxygen consumed 

 
Microbial Biosensors 
Proximity of an immobilized microorganism that serves as specific recognition 
element and an electrochemical or optical sensing transducer that is used to 
convert the biochemical signal into an electronic signal that can be processed. 
Immobilization of the microorganisms on the transducer can be chemical 
(covalent binding and cross-linking) or physical (adsorption and entrapment). 
 
Ammonia (NH3) sensor 
Uses nitrifying bacteria as the biological sensing component that use ammonia 
as a source of energy and oxidize it. The amount of oxygen consumed by the 
immobilized bacteria can be measured directly by an oxygen electrode placed 
behind the bacteria. 

 
 
Nitric oxide (NO / NO2) sensor 
Same principle as Ammonia sensor.  

 
 
Advantages of microbial sensors over 
enzyme based ones are increased 
electrode lifetime while possibly loosing 
specificity and response time 
 



Optical Sensors 
Aborbance based techniques 
Absorbance (and refractive index) of solutions is proportional to the 
concentration of molecules. 
 
Evanescent field techniques (SPR, OWLS, RM, FTIR) 
Upon total reflection of light at an interference an evanescent field is generated 
in the medium above the surface. 
Changes in the refractive index within this evanescent field are captured with 
these techniques. 
 
Optical Fibers 
Consist of a core and 
cladding made of plastic or 
glass with different 
refractive indices 𝑛1 > 𝑛2 
 
Snell’s law: 

𝑛1 ⋅ 𝑠𝑖𝑛𝜙1 = 𝑛2 ⋅ 𝑠𝑖𝑛𝜙2 
 
 
For large enough angles of incidence 

𝑠𝑖𝑛𝜙𝑐𝑟 =
𝑛2

𝑛1

 

 
 
General principle of 
a fiber optic-based 
sensor 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fiber Optic blood gas Sensors (pO2, pH, pCO2) 

 
Oxygen: 
Fiber optic sensor measurements of pO2 in blood are based on the principle of 
fluorescence quenching. It consists of a dye that is exited at 470nm and 
fluoresces at 515nm with an emitted intensity that depends on the pO2. 

𝐼0

𝐼
= 1 + 𝐾 ⋅ 𝑝𝑂2 

𝐼0, 𝐼: fluorescence emission intensities in the absence and presence of O2 
𝐾: Stern-Volmer quenching coefficient 
This method provides a nearly linear readout of 𝑝𝑂2 over the range of 0-
150mmHg (0-20 kPa). 
 
pH: 
A fiber optic pH sensor can be designed by placing a reversible color-changing 
dye as an indicator at the end of a pair of optical fibers. For example Phenol red. 

𝑝𝐻 = 6.1 + log
𝐻𝐶𝑂3

−

𝐶𝑂2

  

The ratio of green to red light is related to the pH of the medium. 
pCO2: 

Typically determined by measuring changes in the pH of a bicarbonate solution 
that is isolated from the sample by a CO2-permeable membrane. By the 
Henderson-Hasslebach equation, the hydrogen ion concentration is 
proportional to the pCO2. This measurement can be done with either a pH 
electrode or a dye indicator. 

𝑝𝐻 = 6.1 + log
𝐻𝐶𝑂3

−

𝐶𝑂2

  

 

Fiber optic in vivo pressure sensor 
Typically, white light or light produced by a light emitting diode (LED) is carried 
by an optical fiber to a flexible mirrored surface located inside a pressure-
sensing element. 
Changes in the hydrostatic fluid pressure cause a proportional displacement of 
the membrane relative to the distal end of the optical fiber. This in turn 
modulates the amount of light coupled back into the optical fiber. 
 
Fiber optic in vivo temperature sensors 
? 
 
Indicator-Mediated fiber optical sensors 
Indicator-mediated sensors have been developed to use specific reagents that 
are immobilized either on the surface or near the top of an optical fiber. Light 
travels to the end of the optical fiber, interacts with a specific chemical or 
biological recognition element and returns to a detector, which correlates the 
degree of light attenuation with. 
 
Fiber optic Immunoassay Sensors 

 
Surface Plasmon Resonance Sensors (SPR) 
A resonant coupling between the light and the surface plasmons in the 
conducting film occurs at a specific angle. The reflected light will have a 
“shadow” at the resonance angle. This angle is sensitive to the adsorption of 
proteins at the interface. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



What are the elements of biosensing 
Not enderle Ch10 from here on 
 

Biosensor Principle 

 

 
 
Example Sample: What is Blood? 
Plasma: (55% of Total Blood Volume) 

 91% Water 

 7% Blood Proteins (fibrinogen, albumin, globulin) 
o Total protein = 50mg/mL 
o Interesting proteins <1 ng/mL 

 2% Nutrients 
 

Recognition element: 
Ex: Suitable Immobilization of Receptors 

 
Protein interaction Kinetics 
Resulting in the “Langmuir” Isotherm. 
Logarithmic adsorption kinetics. 
 
Summary: Biosensors for diagnostics 

 Most existing biosensors are limited 
by the non-specific binding from 
diagnostically relevant solutions 

 This is a fundamental limit related to 
the lack of receptors with high-affinity 
(i.e. typical binding energy <20 kT) 
which means KNSB ca 106 x KSB 

 Consequently: only nM (50ng/mL) 
concentrations can be detected 

 Sandwich assays are limited by the non-specific binding of the used 
secondary antibodies as such a 1000 fold better 
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Biosignal Processing I 

Biosignals are space time records of a biological event (e.g beating heart, 
contracting muscle) that contain useful information that can be used to 
understand physiological mechanism/medical diagnosis. 
 

Types of Biosignals 
 

Bioelectric signals 
Nerve and muscle cells generate bioelectric signals. These result from 
electrochemical changes within and between cells. 
 
Action potential 
If a stimulus is strong enough to reach a necessary threshold, the cell will 
generate an action potential. The action potential is a brief flow of ions across 
the cell membrane which can be measured with intracellular and extracellular 
electrodes. 
When many cells become activated, an electric field is generated that 
propagates through biological tissue. 
 
Measurement 
Changes in extracellular potential can be 
measured on the surface of the tissue by 
using surface electrodes. 

 Electrocardiogram (ECG) 

 Electroencephalogram (EEG) 

 Electrogastrogram (EGG) 

 Electromyogram (EMG) 
 
 

Biomagnetic signals 
Brain and other organs generate weak magnetic fields that can be measured 
with magnetic sensors. These magnetic signals are typically linked to an 
accompanying electric field from a specific tissue or organ. 
 
SQUID 
Very precise magnetic sensors or SQUID (superconducting quantum 
intergerence device) magnetometers allow direct monitoring of magnetic 
activity from the brain, peripheral nerves, gastrointestinal tract and heart. 
 
Magnetoencephalography (MEG) 
MEG is a technique for mapping brain activity by recording magnetic fields 
produced by electrical currents occurring in the brain. 
Applications are still mostly found in basic research: 

 Assessment of perceptual and cognitive brain processes 

 Localizing regions affected by pathology before surgical removal 
 

Biochemical signals 

Biochemical signals contain information about changes in concentration of 
various chemical agents in the body, and thus about the function of various 
physiological systems. 

 Concentration of various ions, such as calcium and potassium in cells can 
be measured and recorded 

 Changes in partial pressures of oxygen (PO2) and carbon dioxide (PCO2) in 
the respiratory system can be measured 

 Glucose levels (diabetes) 

 Lactate and metabolites 

 Performance enhancing drugs 
 

Biomechanical signals 
Biomechanical signals include 

 Motion 

 Displacement 

 Force 

 Pressure 

 Flow 
For example changes in blood 
pressure can be recorded as a waveform 
 

Bioacoustic signals 
Bioacoustic signals are a special subset of biomechanical signals that involve 
vibrations (motion) like: 

 Flow of blood through the valves in the heart 

 Respiratory system 

 Joints 

 Muscles 

These bioacoustics signals propagate through the biological medium and can 
often be measured at the skin surface by using acoustic transducers such as 
microphones and accelerometers. 
 
Ex: Photoacoustic tomography of arthritic joints. 
Recover absorption coefficient images. Determine space between bone (joints). 
 

Biooptical signals 
Biooptical signals are generated by optical or light induced attributes of 
biological systems. 
They can occur naturally, or may be introduced to measure a biological 
parameter with an external light medium: 

 Health status of a fetus may be obtained by measuring the fluorescence 
characteristics of the amniotic fluid 

 Estimates of cardiac output by using dye dilution method: monitoring of 
the concentration of a dye as it recirculates through the bloodstream 

 Red and infrared light are used in various applications such as precise 
measurements of blood oxygen by measuring the light absorption across 
the skin or a particular tissue. 

 
Dye dilution method 
A person is injected with a known quantity of dye/marker substance. The dye 
circulates within the blood vessels and becomes evenly distributed. The blood 
volume can be determined based on how much blood mus have been present to 
dilute the dye. 

𝑉𝑃𝑙𝑎𝑠𝑚𝑎 [𝑙] =
𝐷𝑦𝑒 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 [𝑚𝑔]

𝐷𝑦𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [𝑚𝑔/𝑙]
 

 

Q: What type of biosignals would muscles in the lower legs produce if 
you were to sprint? 

Biomechanical 
Motion of muscles and the external forces imposed as feet hit the track. 
Biochemical 
Metabolic processes in the muscle tissue. 
Bioelectrical 
Muscle stimulation by nerves and contraction of muscle cells. 
 

Characteristics of Biosignals 
Almost all biosignals are 
continuous. For example the 
voltage (𝑉) measured in the heart 
varies continuously with time 𝑡 →
𝑉(𝑡). 
Discrete (digitized) signals:  
Are a series of specific signal 
values acquired at specific time 
points. 
 
Continous signals: 
Are measured or acquired/sampled by instrumentation and converted to 
discrete signals which can be analyzed and interpreted with a computer. 
Biological signals can also be classified as either being deterministic or random. 
 
Deterministic signals: 
Can be described by periodic or transient mathematical functions. 
 
Periodic signals: 
Are usually composed of the sum of different sine waves or sinusoid 
components 

𝑥(𝑡) = 𝑥(𝑡 + 𝑘𝑇) 

𝑥(𝑡) = sin (𝜔𝑡) 
Transient signals:  
Are nonzero or carry only over a finite time interval and subsequently decay to a 
constant value 

𝑦(𝑡) = 𝑒−0.75𝑡sin (𝜔𝑡) 
 
Noise 
Real biological signals almost always have some unpredictable noise or change 
in parameters 
 
Random Signals 
Ransdm signals, also called stochastic signals, contain uncertainty in the 
parameters that describe them. Because of this uncertainty, mathematical 
functions cannot be used to precisely describe random signals. 
Random signals are most often analyzed using statistical techniques (using 
probability distributions  or simple statistical measures such as the mean and 
standard deviation). 

 



Signal acquisition 
 

A/D - Converter 

Analog-to-digital converters are used to transform biological signals from 
continuous (analog) waveforms to discrete (digital) sequences. 
An A/D converter is a computer controlled voltmeter, which measures the input 
signal and gives a numeric representation of the signal as its output. 
 
The two main processes involved in A/D conversion are sampling and 
quantization. 
 

Signal Sampling 
The process by which a continuous signal is first converted into a discrete 
sequence in time, by recordin the amplitude value of 𝑥(𝑡) every 𝑇 seconds. 
 
Sampling frequency 𝒇𝒔 
Or sampling rate  
 

 𝑓𝑠 = 1/𝑇  [𝑠−1] 
 
The sampling rate used to 
discretize a continuous or analog 
signal is critical for the generation of an accurate digital approximation of the 
waveform. If the sampling rate is too low, distortions will occur in the digital 
signal. 
 
Nyquist’s sampling theorem 
Nyquist’s sampling theorem states that the minimum sampling rate used should 
be at least twice the maximum frequency of the original signal 
 

𝑓𝑛𝑦𝑞𝑢𝑖𝑠𝑡 = 2 ⋅ 𝑓𝑚𝑎𝑥  
 
Practically, sampling is usually done at five to ten times the highest frequency 
𝑓𝑚𝑎𝑥 
 

Signal quantization 

Signal quantization is the 
process of mapping a large set 
of input values to a smaller set 
by rounding values to some 
unit of precision. 
 
During quantization, sampled 
values are transformed into 
binary values. 
 
Resolution 
The resolution of the A/D converter determines the number of bits available for 
storage (typically 8, 12 or 16 bit). 
A quantizer with N bits is capable of representing 2𝑁 amplitude values. If the 
number of bits is not sufficient, significant errors may occur in the digital 
approximation. 
 
Ex: An 8-bit A/D converter with an input signal with a range of 10𝑉 has a 
digitized resolution of  

10 𝑉

256
= 0.0391 [ 

𝑉

𝑏𝑖𝑡
 ] 

 
Quantization Error 
Both, an adequate 
quantization and sampling 
rate are needed to minimize 
the Quantization error and to 
get a good digital 
representation of the analog 
signal. 
If either one is too small. The 
Approximation is bad. 
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Biosignal Processing II – Fun with Fourier 

 

Fourier Series 
A Fourier series describes which frequencies are present in a signal and in which 
proportions. 
Fourier’s theory states that a complex waveform can be approximated to any 
degree of accuracy with simpler functions. 
 

𝑓(𝑥) = 𝑎0 + ∑ 𝑎𝑛 cos (
𝑛2𝜋𝑥

𝑇
) + 𝑏𝑛 sin (

𝑛2𝜋𝑥

𝑇
)

𝑛=∞

𝑛=1

 

 
This is achieved by summing or mixing sinusoids while simultaneously adjusting 
their amplitudes and frequency. 

 
 

Fourier Series Coefficients 

𝑎0 =
1

𝑇
∫ 𝑓(𝑥)𝑑𝑥

𝑇/2

𝑇/2

 

𝑎𝑛 =
2

𝑇
∫ 𝑓(𝑥) cos (

𝑛2𝜋𝑥

𝑇
) 𝑑𝑥

𝑇/2

𝑇/2

 

𝑏𝑛 =
2

𝑇
∫ 𝑓(𝑥) sin (

𝑛2𝜋𝑥

𝑇
) 𝑑𝑥

𝑇/2

𝑇/2

 

 
A Fourier series gives the exact value of a function. However, a Fourier series 
uses an infinite number of terms, so it is impossible to calculate all coefficients. 
We can evaluate the partial sums of a Fourier series by only evaluating a set 
number of terms. 
Partial sum with 𝑁 terms and 𝜔0 = 2𝜋/𝑇 
 

𝑆𝑁(𝑥) = 𝑎0 + ∑ (𝑎𝑛 cos(𝑛𝜔0𝑥) + 𝑏𝑛 sin(𝑛𝜔0𝑥))

𝑛=𝑁

𝑛=1

 

 
The trigonometric Fourier series provides a direct approach for fitting and 
analyzing various types of biological signals. 
Despite its utility, alternate forms of the Fourier series are sometimes more 
appealing because they are easier to work with and because signal 
measurements can often be interpreted more readily. 
The most widely used counterparts for approximating and modeling biological 
signals are: 
 
Compact Fourier Series (p. 683) 

𝑎𝑚 cos(𝑚𝜔𝑜𝑡) + 𝑏𝑚 sin(𝑚𝜔0𝑡) = 𝐴𝑚cos (𝑚𝜔0𝑡 + Φ𝑚) 
 
Exponential Fourier series (p. 686) 

cos(𝜙) =
𝑒𝑗𝜙+𝑒−𝑗𝜙

2
   and  sin(𝜙) =  

𝑒𝑗𝜙−𝑒−𝑗𝜙

2𝑗
  where 𝑗 = √−1 

 

Fourier Transform 

 
Fourier Transform (FT) converts to frequency domain: 

𝐹(𝜔) = ∫ 𝐹(𝑡)𝑒−𝑗𝜔𝑡𝑑𝑡
∞

−∞

 

Inverse Fourier Transform (IFT) converts to time domain 

𝐹(𝑡) =
1

2𝜋
∫ 𝐹(𝜔)𝑒𝑗𝜔𝑡𝑑𝜔

∞

−∞

 

 

Properties of Fourier transforms 
Linearity 

𝐹{𝑎1𝑥1(𝑡) + 𝑎2𝑥2(𝑡)} = 𝑎1𝑋1(𝜔) + 𝑎2𝑋2(𝜔) 
 
Time Shifting / Delay 

𝐹{𝑦(𝑡 − 𝑡0} = 𝑋(𝜔)𝑒−𝑗𝜔𝑡0  
 
Frequency Shifting 

𝐹−1{𝑋(𝜔 − 𝜔0)} = 𝑥(𝑡)𝑒−𝑗𝜔0𝑡 
 

Applications of Fourier transforms 
Variations in the frequency content of heart rate variability (HRV) 
The ability to reliably identify congestive heart failure could prevent many 
deaths from heart attack. 
Taking a Fourier transform we can see an older patient’s heart beat containing a 
large amount of high or low frequency content. 
HRV has become a popular non-invasive tool for assessing the activities of 
autonomic nervous system. Low HF/LF (high frequency to low frequency) ratio 
predicts problems. 
The autonomic nervous system (ANS) acts as a control system functioning below 
the level of consciousness, and controls visceral functions  i.e. heartrate, 
digestion, respiratory rate. 
 

Discrete Fourier Transforms 
Fourier transforms are applied to continuous signals. In reality continuous 
biological signals are sampled and digitized. 
Analysis of discrete signals in the frequency domain requires Fourier transform 
equations which are ‘structurally compatible’ with the digital samples of a 
continuous signal. This is Achieved using the 
 
Discrete Fourier transform (DFT). 
Where 𝑥(𝑘) and 𝑚 are the sampled (digitized) approximation of 𝑋(𝑡) and 𝜔. 
 

𝑋(𝑚) = ∑ 𝑥(𝑘)𝑒−𝑗
2𝜋𝑚𝑘

𝑁

𝑁−1

𝑘=0

 

 
Inverse discrete Fourier transform (IDFT) 
 

𝑥(𝑘) =
1

𝑁
∑ 𝑋(𝑚)𝑒𝑗

2𝜋𝑚𝑘
𝑁

𝑁−1

𝑚=0

 

 
An efficient computer algorithm for calculating the DFT is the Fast Fourier 
transform (FFT) 

 Output of FFT and DFT are the same 

 FFT has a much faster execution time compared to DFT proportional to 
𝑁𝑙𝑜𝑔2(𝑁) versus 𝑁2 operations 

 
Ex: 100Hz sine wave corrupted with noise and its FFT 

 
 

Convolution theorem 
Convolution is a mathematical operation between two functions 𝑥1(𝑡) and 
𝑥2(𝑡), producing a third function 𝑐(𝑡) 
 

𝑐(𝑡) = ∫ 𝑥1(𝜏)𝑥2(𝑡 − 𝜏)𝑑𝜏
∞

−∞

 

(𝑓 + 𝑔)(𝑡) = ∫ 𝑓(𝜏)𝑔(𝑡 − 𝜏)𝑑𝜏
∞

−∞

 

 
 
 



Convolution in the frequency domain between two signals is 
 

𝐶(𝜔) = 𝐹{𝑐(𝑡)} = 𝐹{𝑥1(𝑡) ∗ 𝑥2(𝑡)} = 𝑋1(𝜔1) ⋅ 𝑋2(𝜔2) 
 
Convolution is difficult to compute in the time domain but is a straightforward 
multiplication in the frequency domain. 
 

Linear Systems 
Biological processes/organs are often modelled as systems. Biological systems 
are typically not per se linear, but can be approximated by a linear system 
model. Linear systems are characterized by the principles of superposition (or 
additivity) and scaling. 
 
Superposition 
The sum of two independent inputs produces an output that is the sum of the 
outputs for each individual input. 
 
Scaling 
The change in the size of the input produces a comparable change in the output. 
 

𝑘1𝑥1(𝑡) + 𝑘2𝑥2(𝑡) → 𝑘1𝑦1(𝑡) + 𝑘2𝑦2(𝑡) 
 

Periodic Signals 
Because periodic signals can be expressed as a sum of cosine or complex 
exponential functions with the Fourier series, in a linear system, their output 
must also be expressed as a sum of cosine or exponential functions. 
 

Input:  𝑥(𝑡) =
𝐴0

2
+ ∑ 𝐴𝑚 cos(𝑚𝜔0𝑡 + Φ𝑚)+∞

−∞  

Output:  𝑦(𝑡) =
𝐵0

2
+ ∑ 𝐵𝑚cos (𝑚𝜔0𝑡 + θ𝑚)+∞

−∞  

 
Linear System is scaled by 𝐵𝑚/𝐴𝑚 and shifted by 𝜃𝑚 − Φ𝑚 

 
Transfer Function 
The transfer function (𝐻𝑚) describes how a linear system modifies the 
amplitude and phases of periodic input signals: 

|𝐻𝑚| =
𝐵𝑚

𝐴𝑚
           ∠𝐻𝑚 = 𝜃𝑚 − Φ𝑚 

 
Impulse Response 
The relationship between the input and output of a linear system can be 
described by studying its behavior in the time domain. 
The impulse response function ℎ(𝑡) is a mathematical description of the linear 
system that fully characterizes its behavior. 
If one knows ℎ(𝑡), one can readily compute 𝑦(𝑡) to any arbitrary input 𝑥(𝑡) 
using the convolution integral. 

𝑦(𝑡) = ℎ(𝑡) ∗ 𝑥(𝑡) = ∫ ℎ(𝜏)𝑥(𝑡 − 𝜏)𝑑𝜏
∞

−∞

 

 
As mentioned earlier, convolution is difficult to compute in the time domain but 
is a straightforward multiplication in the frequency domain 
 

𝑦(𝑡) = ℎ(𝑡) ∗ 𝑥(𝑡) ⟺ 𝑌(𝜔) = 𝑋(𝜔)𝐻(𝜔) 
 
Filters 
Filters are a special class of linear systems that are used to manipulate the 
properties of a biological signal. They allow the user to selectively remove an 
undesired signal component while preserving or enhancing others and are 
important in analysis of biological signals for reducing noise, thresholding, or 
feature detection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Low-pass filter 
Removal of high frequency noise, allows low frequencies of the signal to pass 
through. 

 
 
High-pass filter 
Removal of low frequency noise, allows high frequencies signals to pass 
through. 

 
In the frequency domain, an ideal high-pass filter performs the exact opposite 
function of the low-pas filter 
 

𝐻𝐻𝑃(𝜔) = 1 − 𝐻𝐿𝑃(𝜔) 
 
 
Band-pass filter 
Remove both low and high frequencies occurring below or above a 
Certain range (band). 

 
In the frequency domain the ideal band-pass filter can be combined by 
combining a high pass filter with cut-off 𝑊1 and a low pass filter with cut-off 𝑊2: 

𝐻𝐵𝑃(𝜔) = 𝐻𝐻𝑃(𝜔)𝐻𝐿𝑃(𝜔) 
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Biosignal Processing III 

 

Signal Averaging 
Reasoning for Signal Averaging 
Biological signal measurements are often corrupted with noise. It is difficult to 
determine characteristics due to the variability of the measurements and often 
nearly impossible to obtain a reliable clinical diagnosis. 
 
Ex: Sources of noise in ECG measurement of the heart can be Muscles, Lungs, 
Device electronics and many more. 
 
Signals can be modelled as the sum of an ideal noiseless signal component 𝑥(𝑡) 
and a separate noise term 𝑛(𝑡) 
 
Signal Model 

𝑥𝑖(𝑡) = 𝑥(𝑡) + 𝑛𝑖(𝑡) 
𝑥𝑖(𝑡):  i-th measurement of the signal 
𝑥(𝑡):  deterministic component, fixed from trial to trial 
𝑛𝑖(𝑡):  stochastic noise term, varies from trial to trial 
 
Why are filters not enough? 
In many cases biological signals and noise spectrums overlap. The filter would 
also be removing wanted parts of the signal. 
Calculating statistics of signal characteristics is not always possible because 
noise hinders determination of biological parameters. 
Noise from individual measurements makes it very difficult to accurately 
determine relevant biological parameters. In such cases signal averaging might 
be used where measurements of separate trials are averaged. 
 

Theory: Signal Averaging 
Average the signal measurements from different trials 

�̅�(𝑡) =
1

𝑁
∑ 𝑥𝑖(𝑡)

𝑁

𝑖=1

 

If discrete: 

�̅�(𝑘) =
1

𝑁
∑ 𝑥𝑖(𝑡)

𝑁

𝑖=1

 

 
The signal model can be rewritten as 

�̅�(𝑡) = 𝑥(𝑡) +
1

𝑁
∑ 𝑛𝑖(𝑡) =

𝑁

𝑖=1

𝑥(𝑡) + 𝜖(𝑡) 

The measurement error 𝜀(𝑡) contains the influence of the noise and approaches 
0 as N approaches infinity. So for very large N we have 

�̅�(𝑡) ~ 𝑥(𝑡) 
 
S/N Ratio 
The S/N ratio increases as a function of the square root of the number of trials. 

 
 

Artificial Intelligence Techniques 
The principle aim of AI is to create intelligent machines that can function under 
adverse and unpredictable circumstances. 
The term intelligent as it applies to machines indicates computer-based systems 
that can interact with their environment and adapt to changes in the 
environment. 
Adaptation is accomplished through self-awareness and perceived models of 
the environment that are based on qualitative and quantitative information. 
The basic goal of AI techniques is to produce machines that are more capable of 
human-like reasoning, decision making, and adaptation. 
Can be built from technologies such as fuzzy logic or artificial neural networks. 

Fuzzy Logic 
Is based on words rather than numbers for computing. Words are less precise 
than numbers. 
Ex: With body temperature, use of words such as: High fever, above normal, 
normal, below normal and frozen instead of using numbers in degrees. 
 
Words are basic descriptors, not precise measurements 

 Value 1:  100% degree of membership to a set 

 Value 0:   no membership to the set 

 Value between 0 and 1: degree of membership to a set 
 
Fuzzy logic is a rule-based logic. Fuzzy systems are constructed by using a large 
number of rules. 
Most rules used in fuzzy logic computing are if-then statements that use 
linguistic variables. 

 
Ex: Fuzzy set young, middle-aged, old 

 
 A 25-year old belongs 50% to the young set and 50% to the middle-ages 

set 

 If the patient is YOUNG, use TREATMENT A 

 If the patient is MIDDLE-AGED or OLD, use TREATMENT B 
 
Fuzzy logic is particularly useful when information is too limited or complex to 
allow for numerical precision. 
If a process can be described mathematically, fuzzy logic will not generally 
perform better than traditional methods. 
 
Examples: 

 Blood glucose sensors are also sensitive to urea and other elements in the 
blood. Fuzzy logic helps to compensate for the limitations of sensors 

 Fuzzy logic was used to develop closed loop drug delivery systems which 
automatically administer drugs to patients, in particular for anaesthetics 
administration, since it is difficult to precisely measure the amount of 
anaesthetic required. 

 Fuzzy logic is used to define a personalization factor. Allows to tune an 
Artificial Pancreas System for a particular patient. -> personalized medicine 

 

Artificial Neural Networks 
The highly interconnected architecture of neurons in the brain’s neural network 
allows for immense computational power. 
The brains of humans, mammals, and even simple invertebrate organism (e.g., a 
fly) can easily learn from experience, recognize relevant sensory signals (e.g., 
sounds and images), and react to changes in the organism’s environment. 
ANN are the theoretical counterpart of real biological neural networks. They are 
designed to attempt to imitate the function of real brains. 
 
The aim of ANNs is to build computer systems that have learning, generalized 
processing, and adaptive capabilities resembling those seen in real brains. 
 
ANNs can learn to recognize certain inputs and to produce a particular output 
for a given input and are used for pattern detection and classification of 
biosignals. 
 



ANN architecture: 

 Different types of neurons 

 Different types of layers (input, 
middle and output) 

o Input layer accepts 
inputs to the network 

o Middle layer processes 
inputs 

o Output layer provides 
result 

 
Single neuron model 

 
Input 𝑥 to the neuron is calculated as: 
 

𝑥 = (𝐼𝑛𝑝𝑢𝑡1 ⋅ 𝑊𝑒𝑖𝑔ℎ𝑡1) + (𝐼𝑛𝑝𝑢𝑡2 ⋅ 𝑊𝑒𝑖𝑔ℎ𝑡2) + 𝐵𝑖𝑎𝑠𝑊𝑒𝑖𝑔ℎ𝑡 
 
The output 𝑦 is calculated using a function 
𝑔(𝑥), e.g. the sigmoid function 

𝑦 = 𝑔(𝑥) =
1

1 + 𝑒−𝑥
 

Inputs can be: 

 Raw data 

 Processed data 

 Extracted features 
 
Training input is initially 
required for ANN to learn.  
 
Biosignal processing 
applications often include: 

 Pattern recognition 

 Classification 
 
ANNs are suitable for highly complex or noisy signals and find applications in: 

 Analysis of ECG (cardiac arrhythmias) and EEG signals 

 Interpretation of medical images 

 Diagnosis of diseases (epilepsy, Parkinson’s and Alzheimer’s disease, …) 
 

Biosignal Processing Recap and Summary 
 Describe different origins and types of biosignals 

 Distinguish between deterministic (periodic/transient) and random 
signals 

 Explain the process of A/D conversion 

 Define the sampling theorem 

 Know the source of quantization errors 
 

 Describe the main purposes and uses of the Fourier transforms 

 Describe the basic properties of a linear system 

 Describe the concepts of signal filtering 
 

 Understand signal averaging and know when to use it 

 Understand the artificial intelligence techniques fuzzy logic and artificial 
neural networks and know how to use them 

 

 Due to signal averaging, the signal part tends to accumulate but the 
noise is irregular an thus tends to cancel itself 

 Signal averaging might be used where filters cannot be used, e.g. where 
the frequency domains of signal and noise overlap 

 

 Fuzzy logic is based on using words because they are less precise than 
numbers 

 Fuzzy logic is therefore particulary useful when information is too limited 
or complex to allow for numerical precision 

 

 ANNs can learn to recognize certain inputs and to produce a particular 
output for a given input 
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Bioelectric Phenomena 

Bioelectronics 

 The application of the principles of electronics to bioloy and medicine. 

 The study of the role of intermolecular electron transfer in physiological 
processes. 

 
First half of the lecture is not really relevant for the exam. Read Chapter 12 of 
the book. 
 

What do we know about neurons 
Over 10’000 connections per 
neuron. 
 

The separation of charges 
across a cell membrane. 
Lipid bilayer is an insulator 

𝐶Δ𝑣 = Δ𝑞 
𝐶 = 1𝜇𝐹/𝑐𝑚2 

Δ𝑣 = 60 × 10−3𝑉 
Δ𝑞 = 108/𝑐𝑚2 

 

Idealized cross section of a membrane 

 

 
Passive and active channels provide means for ions to pass through the 
membrane. Channels are ion specific. 
 
Flow of K+ ions 
Fix’s law of diffusion 

𝐽𝐾,𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = −𝐷
𝑑[𝐼]

𝑑𝑥
  

Ohm’s law: 

𝐽𝐾,𝑑𝑟𝑖𝑓𝑡 = −𝜇𝑍[𝐼]
𝑑𝑣

𝑑𝑥
 

Einstein’s relation: 

𝐷 =
𝐾𝑇𝜇

𝑞
 

 
Summing up 𝐽𝐾 , setting equilibrium (𝐽𝐾 = 𝑜) and integrating from outside to 
inside gives: 
 
Nernst Potential 
(for one ion concentration) 

𝐸𝐾 = ∫ 𝑑𝑣
𝑣𝑖

𝑣0

= 𝑣𝑖 − 𝑣0 = 26 ln
[𝐾+]𝑜

[𝐾+]𝑖
𝑚𝑉 =

𝐾𝑇

𝑞
𝑙𝑛

[𝐾+]𝑜

[𝐾+]𝑖
 

 
Donnan Equilibrium 

𝐸𝐾 =
𝐾𝑇

𝑞
𝑙𝑛

[𝐾+]𝑜

[𝐾+]𝑖
= 𝐸𝐶𝑙 =

𝐾𝑇

𝑞
𝑙𝑛

[𝐶𝑙−]𝑖

[𝐶𝑙+]𝑜
 

 
Goldmann Equation 

𝑽𝒎 =
𝑲𝑻

𝒒
𝒍𝒏 (

𝑷𝑲[𝑲+]𝒐 + 𝑷𝑵𝒂[𝑵𝒂+]𝒐 + 𝑷𝑪𝒍[𝑪𝒍−]𝒊

𝑷𝑲[𝑲+]𝒊 + 𝑷𝑵𝒂[𝑵𝒂+]𝒊 + 𝑷𝑪𝒍[𝑪𝒍−]𝒐

) 

 
 
 
 

Modeling an equivalent circuit of a cell membrane 

 
 Passive channels for a small area of nerve: Each ion channel is represented 

by a resistance in series with a battery 

 The Na-K active pump is modeled as two current sources in parallel 

 Lipid membranes 
also have a 
capacitance in 
parallel, but are 
removed in the 
following models 
because they do not 
contribute 
electrically to the circuit 

 
Thevenin’s equivalent circuit 
For a short segment of neuron. 

 
 
Equivalent circuit of membrane 
Series of membrane sections connected with axial resistance 𝑅𝑎 

 
 
Since current seeks the path of least resistance, most of the current leaves the 
dendrite at the injection site and becomes smaller with distance. 
 

Threshold potential and conductance gate 
The action potential is due to voltage and 
time-dependent changes in conductance. 
The action potential rise is due to 𝑁𝑎+, 
and the fall due to 𝐾+ conductance 
changes. 
 
 
 
 
 
 
 
 
 
 
 
 



 
Voltage clamp setup 

 
 
Membrane and Na/K currents at given clamp potential 

  
 
Dependance on clamp voltage: 

 
Change in Na+ and K+ conductance with clamp voltage ranging from -50mV 
(below threshold) to +20 mV. 
 
Resulting circuit model of an axon 

 
 

Synaptic Gap 
One way communication between two adjacent neurons through a 20-50nm 
gap. Neurotransmitter in lipid vesicles (ca 100nm). 
 
Transport model 
Carrier-mediated transport of calcium ions into the presynaptic terminal that 
initiates the movement of the neurotransmitter out of the cell. 

 
 
Circuit with neurotransmitter channel 
Equivalent circuit of series of dendritic membrane sections that includes a 
neurotransmitter channel. Each section is connected with an axial resistance 𝑅𝑎 
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Biomedical Transport I: Mass Transport 

The study of transport processes concerns the exchange of mass, momentum 
and heat (energy) between observed and studied systems. 
Mass transfer is mass in transit due to a concentration difference in a mixture. 
Momentum transfer is momentum in transit due to a flow velocity difference 
(fluid mechanics). 
Heat transfer is thermal energy in transit due to a spatial temperature 
difference. 

 Generally, transport can be expressed as flux (amount of mass, 
momentum or energy per area per time 

 Flux is proportional to the applied driving force (gradient) 

 Linear equation: 𝑓𝑙𝑢𝑥 =  −𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ∗ 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 
 
Mass transport is a vital process in the human body transferring air and its 
components to the bloodstream (lung), metabolic waste products and excess 
water into the urine (kidneys) and nutrients and gases to surrounding tissues 
(capillaries). 
 

Mass transfer in the lung 
Human lungs control gas exchange into 
the blood stream by means of pressure 
and concentration gradients 
 
Each alveoli is in close proximity to a 
pulmonary capillary. 
Surface area: 500 ∗ 106 alveoli = 75 𝑚2 
 
The gas transfer between the alveoli and 
the capillaries depend on… 

 The partial pressures of each gas 

 The distance over which mass transfer occurs 

 The surface area for mass transfer 
 
Lung volume 
Normal amount of air is our tidal volume (0.5L). Total Lung capacity is about 6L 
of air. But not all 6 liters of air can be used. 
Gas exchange only takes place at the alveoli. Air that remains in the respiratory 
passageways, e.g. nasal cavity, trachea, bronchi and bronchioles are called 
anatomic dead space. 
 
The resulting single breath 
gas exchange between 
alveoli and the pulmonary 
capillaries can be simplified 
via a mass balance. 
 
Ex: Mass balance in the 
lung 
Ambient air:   79% nitrogen, 29% oxygen 
Atmospheric pressure at sea level 760 mm Hg 
Ambient humidity partial pressure 10mm Hg 
Partial pressure of water vapour in lung 47mm Hg 
Tidal volume   500 ml 
Metabolic load of oxygen  23.67 ml/breath 
Merabolic load of carbon dioxide 18.83 ml/breath 

 
 

Membranes, pores and diffusion 
Membranes are 
selective barriers. 
 
Types of mass 
transport across cell 
mambranes: diffusion, 
filtration and osmosis. 
 
 
 
 
 

Diffusion 
Diffusion is the process in which mass transfer 
occurs via concentration gradient. Macroscopic 
result of random thermal motion on a 
microscopic scale. 

 
 
Osmosis 
Osmosis is the diffusion of water molecules across a 
semipermeable membrane. 
 
Osmosis is thus a special type of diffusion. 
 
Solutes are dissolved molecules and most solutes 
cannot cross membranes. 
 
 

Fick’s Law: 
Mass transfer (or diffusion of gases) across the alveoli membranes can be 
described by Fick’s Law: 

𝑀𝑎𝑠𝑠 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 𝑟𝑎𝑡𝑒 = 𝐷 ⋅ 𝐴 ⋅
𝑑𝐶

𝑑𝑥
 

𝐷: Diffusivity (ease by which a substance moves through a medium, 
affected by substance and medium material properties 

𝐴: Surface area for mass transfer 
𝑑𝐶/𝑑𝑥:  Concentration gradient (difference in partial pressures) 
 
Transport/diffusion is primarily due to the substance’s individual concentration 
Gradient across a cell membrane. 
 

Nernst equation 
Substances such as ions, which are suspended in water, are also affected by 
their charge. In such cases, the electrical potential across the cell membrane 
also plays a role. 
The Nernst equation can be used to compute the relative electrical potential 
across a cell as a function of the concentrations of the ions as well as their 
diffusivities. 

−𝐸 =
𝑅𝑇

𝐹
ln

𝐷𝐶𝑙𝐶𝑙1 + 𝐷𝐾𝐾2 + 𝐷𝑁𝑎𝑁𝑎2

𝐷𝐶𝑙𝐶𝑙2 + 𝐷𝐾𝐾1 + 𝐷𝑁𝑎𝑁𝑎1

  

𝐸: Relative electrical potential 
𝑅, 𝑇, 𝐹:  Gas constant, abs. Temperature, Faraday’s constant 
𝐷: Diffusivities of each ion 
𝐶𝑙, 𝐾, 𝑁𝑎: Ion concentrations 
 
The resting transmembrane potential is: 

𝐸 = −26.5 ln
(1/60)(103)+(1)(141)+(1/75)(10)

(1/60)(4)+(1)(5)+(1/75)(142)
  = -74 mv 

 

Mass transfer in systemic capillaries 
Capillaries form the connection 
between arteries and veins. 
The primary function of 
capillaries is the exchange of 
materials (gases, nutrients, 
waste) between the blood and 
tissue cells.  
 
The driving mechanism of mass transfer is the pressure difference between 
hydrostatic and osmotic pressure. 
 
Osmotic pressure: Exists 
whenever two solutions with 
differing solute concentrations 
interact. Blood is hypertonic (high 
solute concentration) in respect to 
the extracellular fluid. The 
pressure due to osmosis remains 
constant across the entire 
capillary. 
 
Hydrostatic (blood) pressure: Is 
an outward pressure and not 
constant throughout the capillary. Higher pressure on the artery end because it 
is closer to the heart (source of pressure). 
 
Net pressure on all fluids at the artery end is outward. Net pressure at the 
venous end is inwards. 
 
 



The driving mechanism of mass transfer is the pressure difference between 
hydrostatic and osmotic pressure. Capillaries form a network to maximize mass 
transfer by: 

 Shortening the distance for mass transfer (wall thickness of vessel) 

 Maximizing the overall surface area for mass transfer 
 
Transfer Control 
Arterioles constrict/dilate 
in response to 
neural/hormonal feedback 

 Constriction: 
Increased resistance 
to flow (hydrostatic 
pressure drop) -> net 
increase in fluid 
entering the capillary 
downstream 

 Dilation: Decrease resistance to flow (hydrostatic pressure increases) -> 
net increase in fluid leaving the capillaries downstream 

Lymphatic system collects excessive fluid. Excessive fluid leaving can cause 
edema. 
 

Mass transfer in the kidneys 
The kidneys filter the blood, 
removing waste products and 
controlling fluid balance. They 
contain millions of microscopic 
filter units called nephron. 
 
Mass transfer in the nephron 
includes the movement of ions, 
water and metabolic waste. 
 
Nephrons initially remove more 
fluid and ions than the body can 
safely lose, thus most of it is 
reabsorbed. Several subsequent 
removal phases result in a 
refined waste product (urine) 
 

 Blood enters via the renal artery to the glomerulus (a ball of capillaries 
inside a shell known as the Bowman's capsule). At this point the blood is 
under very high pressure causing water, glucose, amino acids, and salts to 
be filtered out into the surrounding capsule. 

 Blood cells and most proteins being too large to be filtered out then leave 
the glomerulus and travel out of the kidney. 

 
Filtration 
The filtration rate of the glomerulus can 
be described by a model for steady state 
flow through a tube (Poiseuille flow 
equation): 

𝑄 (𝐺𝐹𝑅) =  −
𝑛𝜋𝑟4Δ𝑃

8𝜇𝐿
 

 
𝑄: Volumetric flow rate (125 – 150 ml/min) 
𝑛: number of total pores 
𝑟: pore radius (25 Å) 
Δ𝑃: pressure gradient (25 mmHg) 
𝜇: fluid viscosity, filrate viscosity is 0.012 kg/(cm ⋅s) 
𝐿: pore length (500 Å) 
 

 As it reaches the proximal tubule most of the water with its amino acids 
and glucose is reabsorbed by the peritubular capillaries. 

 Afterwards, it travels through the loop of Henle where more water and 
some salts can be reabsorbed. 

 At the distal tubule, potassium ions and hydrogen ions that are not needed 
by the body as well as toxins that can be found in the blood are secreted 
into the urine. 

 urine then travels to a large collecting duct to which many nephrons are 
connected. 

 Most of the fluid is reabsorbed back into the bloodstream with the 
concentrated remainder resulting in urine (1 ml/min). 

 
 
 
 
 

Dialysis: 
Dialysis is the process by which waste products, water and excess ions are 
removed from a failing kidney. 
Blood flow is: 

 Accessed via the artery 

 Filtered in dialyser cartridge 

 Returned through the vein 
 
The Dialyser cartridge contains thousands of cellulose capillary tubes with pores. 
Blood flows inside these tubes. 
Concentration driven diffusion occurs across the pores which are large enough 
for water, ion and waste transport, but too small for blood cells or proteins. 
 
The dialysate is the fluid inside the cartridge accepting the transported 
substances. 
The dialysate flow rate (500-800 ml/min) is much higher than the blood flow 
rate (200 ml/min) in order to move the “dirty” dialysate out of the cartridge 
 
Water transport is controlled via the dialysate flow 
rate: 

 concentration-driven diffusion not possible 
since gradient is from dialysate toward blood 

 having a large flow rate near an opening at 
right angles to the flow creates a vacuum 
pulling the water out of the blood and into 
the dialysate (Bernoulli effect) 

Typically performed 3 times a week for 4-5 hours 
at a time 
 

Summary 
 Mass transfer across membranes, either within the body or within artificial 

organs, is vital to keeping us alive 

 Mass transfer allows cells to control nervous impulses, blood chemistry, 
kidney and lung function, and the homeostasis of bodily functions 

 Mass transport occurs in virtually every cell in the human body and is thus 
evaluated on a smaller scale than that of fluid flow and fluid momentum 
(the subject of the next two lectures) 

 

 Understand the function of the human lung in terms of mass balance and 
mass transfer 

 Understand the fundamental equations for mass transfer and the 
concepts of diffusion and osmosis 

 Understand the fundamental concepts of mass transfer across pores in 
systemic capillaries 

 Understand the function of the human kidney and its most basic mass 
transfer element: the nephron 

 Understand how dialysis systems function and are controlled 
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Biomedical Transport II: Biofluid Mechanics and 
Momentum Transport 

Momentum transport is manifested in fluid flow: air flow in lungs and blood 
flow through the circulatory system 

𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚 = 𝑚𝑎𝑠𝑠 ∗ 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 
In momentum transfer, the fluid is treated as a continuous distribution of 
matter and the driving force is a velocity gradient. 
In fluid flow (volume transfer) the driving force is a pressure gradient. 
 
Pressure gradient 
The total pressure gradient for a 
flowing fluid is: 

𝑃𝑇 = 𝑃𝐻𝑦𝑑𝑟𝑜 +
1

2
𝜌𝑉2 + 𝜌𝑔ℎ 

𝑃𝑇: Total pressure 
𝑃𝐻𝑦𝑑𝑟𝑜: hydrostatic pressure 
1

2
𝜌𝑉2: dynamic pressure 

𝜌𝑔ℎ: gravity pressure 
 

Bernoulli’s principle: 
States that for an inviscid flow, an increase in the speed of the fluid occurs 
simultaneously with a decrease in pressure or a decrease in the fluid’s potential 
energy: 

 
 

Blood and fluid viscosity: 
Viscosity is a measure of the resistance of a flowing fluid that is being deformed 
by either shear stress or normal stress. 
 
Viscosity describes a fluid’s 
internal resistance to flow 
(fluid friction). 
 
Ideal or inviscid fluids have no resistance to shear stress, while real or viscous 
fluids have resistance to shear stress. The study of viscosity is known as rheology 
  
Newtonian fluids 
Isaac Newton postulated: for 
straight, parallel and uniform 
flow, the shear stress between 
fluid layers is proportional to 
the velocity gradient in the 
direction perpendicular to the 
layers. 
 

𝜏 = 𝜇
𝜕𝑢

𝜕𝑦
 

 
Many fluids such as water and most gases satisfy 
Newton’s criterion (Newtonian fluids). Non-
Newtonian fluids exhibit a more complicated 
relationship between shear stress and velocity 
gradient than simple linearity. 
 
Note: no real fluid fits the definition, but common 
liquids and gases (water, air) can be assumed to be 
Newtonian.  
 

Pseudoplastic fluid: A Non-Newtonian fluid where the shear stress decreases 
with increasing shear rate (shear thinning). 
Consistent with random coil model: 

 Low stress -> coils slide past each other 

 Medium stress -> coils are deformed 

 High stress -> coils are distorted 
(Ex: lava, ketchup, whipped cream, paint) 

 
 
Dilatant fluid: A Non-Newtonian fluid where the shear stress increases with 
increasing shear rate (shear thickening). 
(Ex: cornstarch & water (oobleck), sand soaked with water) 
 
Non-Newtonian fluids have a high concentration of suspended particles (i.e. 
blood) 
TODO : what type of fluid is blood 
 
Fluids with large suspension have viscosities that are proportional to the 
concentrations of particles. 
For blood, this is the hematocrit 
(percentage of red blood cells by 
volume in whole blood, 45%) 

 
Blood performs many important functions including oxygen transport via 
Haemoglobin, carrying of nutritive substances, excreted material transport to 
kidney. The blood also carries hormones, enzymes and vitamins as well as 
immune cells and platelets. 
 

Conservation of mass: 
The equations that describe blood flow and fluid mechanics are time varying 
and affected by spatial variation due to the changing geometry/anatomy of the 
circulatory system. 

 Conservation of mass -> continuity equation 

 Conservation of momentum -> Newton’s second law 
 
Equation of continuity 
Mass must be conserved in a fluid 
in motion: 

𝜌𝐴1𝑉1 = 𝜌𝐴2𝑉2 
 
 

Fluid momentum: 
The Navier-Stokes equation describes the motion of a fluid through space and 
thus the conservation of fluid momentum. 
Newton’s law of motion and the chain rule can be used to derive the Navier-
Stokes equation. 

 

 
 



Navier-Stokes equation: 

𝜌 (
𝜕𝑣

𝜕𝑡
+ 𝑣 ⋅ ∇𝑣) = −∇𝑝 + ∇ ⋅ 𝑇 + 𝑓 

Pressure term: 

 Prevents motion due to the normal stresses.  

 The fluid presses against itself and keeps it from shrinking in volume 
The stress term: 

 Causes motion due to horizontal friction and shear stresses. 

  Shear stress causes turbulence and viscous flows 
The force term: 

 Acts on every single fluid particle 

 Gravity 
 

Poiseuille flow: 
The equations for fluid flow and momentum transfer, even with the assumption 
of a Newtonian fluid, are time varying with partial derivatives and thus difficult 
to solve. 
Poiseuille assumptions: 

 Steady flow (pressure, velocity, density, … at every point in the flow does 
not depend upon time 

 No radial and swirl components of the fluid velocity 

 Axisymmetric flow 
 
Viscous drag force opposing motion: 

𝐹𝑣𝑖𝑠𝑐 = 𝜇(2𝜋𝑟𝐿)
𝜕𝑢

𝜕𝑟
 

 
In equilibrium: 

𝐹𝑃 + 𝐹𝑣𝑖𝑠𝑐 = 0   →     Δ𝑃(𝜋𝑟2) = 𝜇(2𝜋𝑟𝐿)
𝜕𝑢

𝜕𝑟
    →     

𝜕𝑢

𝜕𝑟
= (
Δ𝑃

2𝜇𝐿
) 𝑟 

From the previous velocity gradient equation and 
using empirical velocity gradient limits, an 
integration can be made to get an expression for 
the velocity 

∫ 𝜕𝑢 = (
Δ𝑃

2𝜇𝐿
) ∫ 𝑟𝜕𝑟

𝑅

𝑟

0

𝑢

 

 

𝑢(𝑟) = (
Δ𝑃

4𝜇𝐿
) [𝑅2 − 𝑟2] 

Blood flow is modelled as Poiseuille flow: it is a physical law that gives the 
pressure drop in a fluid flowing through a long cylindrical pipe. It can be 
successfully applied to blood 
flow in capillaries and veins 
and to air flow in lung alveoli. 

𝑢𝑧 = −
1

4𝜇

𝜕𝑝

𝜕𝑧
(𝑅2 − 𝑟2)  

 
Integrating the velocity over 
the cross sectional area of the blood vessel results in the well known poiseuille 
law for steady, incompressible, axisymmetric flow in a cylindrical vessel: 

𝑄 = ∫ 𝜕𝐴 = ∫ (
Δ𝑃

4𝜇𝐿
) [𝑅2 − 𝑟2] (2𝜋𝑟)𝑑𝑟

𝑅

0

 

 
 

𝑄 = 𝜋𝑅4 (
Δ𝑃

8𝜇𝐿
) 

 
The general principle of this law is 
that small changes in the internal 
diameter of a blood vessel lumen 
can make a big difference in flow 
rate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The circulatory system: 
Pressure reduction across the 
systemic circulation indicating 
the continual pressure 
gradient that drives blood 
flow.  
 
 
 
 
 
Systole – Diastole 

 
Baroreceptors: Are located in the blood vessels and send a message to the 
central nervous system to increase (vasoconstriction) or decrease (vasodilation) 
the vascular resistance, raising or lowering blood pressure and cardiac output. 
 

Boundary layers: 
A boundary layer is the layer of fluid in the immediate vincity of a bounding 
surface where the effects of viscosity are significant. 
 
Growth of the 
laminar boundary 
layer from a blund 
profile on the left 
toward a more 
rounded profile on 
the right, where the 
boundary layer 
becomes fully 
developed 
 
Turbulent flow:  more chaotic, more 
mixing 
 
If the boundary layer separates from the 
wall, there is a zone of stagnant fluid. For 
blood, this would be a zone where 
thrombosis (clotting) would occur.  
 
Atherosklerosis is a condition in which an artery wall thickens as a result of the 
accumulation of fatty materials such as cholesterol and triglyceride 
 
Disease diagnosis bis listening for turbolence (flow separation) 

 Stethoscope 

 Ultrasound-based echocardiography 
 

 
 
 
 
 
 
 
 
 
 
 



Reynolds number and types of fluid flow 
Reynolds number (Re) is a dimensionless number that gives a measure of the 
ratio of inertial forces to viscous forces and consequently quantifies the relative 
importance of these two types of forces for given flow conditions. 
 

𝑅𝑒 =
𝜌𝑉𝐷

𝜇
 

𝑉: Mean fluid viscosity 
𝐷: Diameter 
𝜇: dynamic viscosity 
𝜌: fluid density 
 
Turbulent flow (Re >3000) in the aorta 

 Considerable mixing and wall shear stresses 

 Prone to diseases due to mass transfer of lipids across the arterial wall 
 
Laminar flow (Re < 2000) in arteries and veins 
 
Creeping flow (Re << 1) in capillaries 

 Low axial blood flow in systemic capillaries 

 Allows radial mass transfer to occur 
 

Summary 
 Blood flow and velocity patterns can be complex and varying in direction, 

time and dimensions 

 Simplyfying assumptions such as Poiseuille flow, a Newtonian fluid and 
an incompressible fluid aid to develop solutions to rather complex 
waveforms and flow systems 

 Fluid mechanics is a more macroscopic description of body functions, 
where mass transfer was a more cellular description of body functions. 
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Biomedical Transport III: Biomedical Heat 
Transport 

Heat transport within the human body provides the mechanism for the body’s 
core temperature to remain constant. 
Regulation is achieved by shunting heat from the core to the preiphery, where it 
is lost through the skin and through respiration. 
Heat is generated in the body as it metabolizes food. Heat generation at rest is 
called the basal metabolic rate (72 kcal/h). 
Heat transfer from the body is also affected by the outside temperature and 
wind speed. The driving gradient for heat transfer is the temperature 
difference. Heat transfer can occur through three basic mechanisms: 
 
Conduction: Microscopic diffusion and collisions of particles within a body due 
to a temperature gradient. They transfer disorganised kinetic and potential 
energy (internal energy). 
 
Convection: Is the process by which heat transfer occurs via bulk motion of a 
fluid (liquid or gas). E.g. wind chill, blood flow from core to skin. 
 
Radiation: Takes place in form of electromagnetic waves mainl in the infrared 
region (surface to surface phenomenon). 
 

Conduction 

Conduction of heat conductio nis the tranfer of thermal energy between 
neigbouring molecules in a substance due to a temperature gradient. 
 
Fourier’s law states thet the time rate of heat transfer through a material is 
proportional to the gradient in temperature and to the area at right angle to 
that gradient. 

Δ𝑄

Δ𝑡
=  −𝑘𝐴

Δ𝑇

Δ𝑥
 

𝐴: cross sectional surface area 
Δ𝑇: absolute temperature difference 
Δ𝑥: distance 
𝑘: material conductivity (𝑊𝑚−1𝐾−1) 
 

Convection 

Convection is heat transfer via bulk motion 
of fluid, which can be liquid or gas. 
 
Forced convective heat loss is due to a 
pressure gradient moving a fluid to another 
position.  
 
Natural convective heat loss describes heat 
loss due to a thermal gradient in a fluid that 
results in fluid motion 
 
Heat exchangers. 
Commonly used in medical settings as blood 
heaters/coolers for open heart-lung 
machines or for patient heating/cooling for surgeries. The purpose of cooling 
the patient is to reduce the metabolic load, which lowers the need for a larger 

blood flow rate or ventilation rate. 
 
A double pipe heat exchanger consists 
of two pipes with blood in one pipe 
and water in the other.  
 
A double pipe heat exchanger 
combines convective heat transfer 
along with heat conduction through 

the pipe walls. 
 

Thermal radiation 

Thermal radiation is electromagnetic radiation emitted from a material that is 
due to heat of the material, the characteristics of which depend on its 
temperature. 
Thermal radiation is generated when heat from the movement of charged 
particles in the material (electrons and protons in common forms of matter) is 
converted to electromagnetic radiation. (Example: Solar radiation). 
This form of heat transfer is not only a function of the temperature difference 
between the two surfaces, but also the frequency range of the emitted and 
received energy. 
 
 
 
 

The greenhouse effect 
Emitted radiation from the sun consists of a spectrum of varying wavelengths. 
At the earth’s surface, it can be absorbed, reflected or transmitted through, 
depending on the surface temperature and material. 
Reflectivity, absorptivity and transmissivity are frequency dependent: 

 Frequency of the incoming thermal energy is shifted due to the different 
surface temperatures of the earth as compared to the sun 

 Because of this shift, thermal energy reflected back from the earth’s 
surface does not transmit towards outer space but instead is reflected 
back towards the earth’s surface -> greenhouse effect 

 

Heat loss via respiration 
Heat and water vapour are transferred to the inhaled air by convection and 
evaporation (from surface lining). 
Air is warmed to 30°C and saturated with water vapour (47mm Hg partial 
pressure).During expiration, some heat is transferred back into the body and 
some water is condensed. This leads to a net loss of heat. Respiration results in 
a latent and sensible heat loss: 

𝑄 = 𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 + 𝑄𝑙𝑎𝑡𝑒𝑛𝑡  
Latent heat loss is based on the latent heat of vaporization of water. Sensible 
heat loss is based on heating ip the inspired air. 
 
Latent Heat of Water 

𝑄𝑙𝑎𝑡𝑒𝑛𝑡 = 𝑚𝜆 
𝑚: mass of vaporized water [g] 
𝜆: latent heat of vaporization of water at the expired air temperature 

[cal/g] 
 
Sensible Heat loss 
Heat exchanged by a body or thermodynamic system that manifests as a change 
of temperature is called sensible heat loss. 

𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 =
𝜕𝑚𝑎

𝜕𝑡
𝐶𝑝(𝑇𝑒𝑥 − 𝑇𝑖𝑛) 

𝜕𝑚𝑎

𝜕𝑡
:  kg of air expired per hour 

𝑇𝑒𝑥 − 𝑇𝑖𝑛: difference in temperature 

𝐶𝑝:  the specific heat capacity of air 

 

𝑚 = 𝜌𝑉 →
𝜕𝑚

𝜕𝑡
= 𝜌

𝜕𝑉

𝜕𝑡
 

𝑃𝑉 = 𝑛𝑅𝑇 → → 𝜌 =
𝑃𝑀

𝑅𝑇
 

Hence: 
𝜕𝑚

𝜕𝑡
=

𝑃𝑀

𝑅𝑇

𝜕𝑉

𝜕𝑡
 

𝑃: Pressure of gas 
𝑉: volume of gas 
𝑛: no. of moles of gas 
𝑅: universal gas constant 
𝑇: temperature of gas 
𝑚: mass of gas 
𝑀: Molar mass 
 

Heat loss inside the body 

Heat must also be transferred from the body core to the skin or lungs. 
Conduction via tissues is a slow process, while convection via blood flow: 

 Minimizes themperature differences within the body (tissues wit hhigh 
metabolic rates are more highly perfused, e.g. the liver) 

 Controls the effective body insulation in the skin region 

 Counter current heat exchange between major arteries and veins often 
occurs to a significant extent 

 



Heat loss in extreme environments 
Fire protection clothing must protect against excessive heat conduction and 
radiation -> considerable insulating effect. 
 
 

Summary 
 Heat transfer can affect the human body in terms of sustaining life, 

protecting human life in hazardous settings and maintaining comfort 

 Without thermal convection wia blood flow, the body core temperature 
would rise to dangerous levels, since conduction is too slow a process to 
remove all heat from the body core 

 Without the greenhouse effect, the earth’s temperature would fall, since 
most of the thermal radiation from the sun would be reflected back into 
space 

 heat exchangers for blood cooling and heating make extended surgeries 
possible. 

 Understand the three basic elements of heat transfer conduction, 
convection and radiation 

 Understand the process of heat exchange using a double pipe heat 
exchanger for heating and cooling of blood 

 Understand how heat is transferred from the core of the body to the 
periphery and then to the environment 

 Understand how heat transfer occurs in extreme heat environments 
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Bioinstrumentation I 

Bioinstrumentation deals about 
biomedical instruments that 
convert a signal generated by the 
body into an electric signal that 
will be further processed in the 
instrument. Body signals can be 
electric or non-electric. Non-
electric signals can be converted 
to electric signals by a transducer (sensor). Electrical signals can be transferred 
by electrode recording systems or magnetic detection systems. 
 
Electric Biosignals: ECG, Retina Potentials, EEG, MEG, EMG, 
 
Non-Electric Biosignals: Motion, Pressure, Temperature, Gas Concentration, … 
 

Signal Pathway 

 
 
Sensors/Electrodes 

Electrodes: In Principle Surface and Needle Electrodes 
 
Sensors, Transducers (Non-Electric) 
Physical Sensing Principles: 

 Resistive, mechano-resistive, Capacitive, inductive, Piezoelectric, Acoustic, 
ultrasonic, Optical, x-rays 

Sensing Modalities: 

 Positions, angles, velocities, accelerations, forces, torques, pressures, 
concentrations of ions/molecules/etc., Images, colours, temperatures 

 

Analog processing and A/D conversion 
A/D Conversion. See lecture Biosignal Processing I 
 
 
 

Actuators 
Physical Actuation Principles 

 Classic: electromagnetic, magnetic 

 Fluidic: pneumatic, hydraulic 

 Electro-/magnetorheological 

 Thermomechanical (SMA: shape memory alloys) 

 Piezoelectrical/ultrasonic, electrostrictive, etc… 
 
Design Principles 

 Serial/parallel robotics kinematics 

 Exoskeletons, endeffector-based 

 Setups: Desktop, ground/wall mounted, portable 
 

Displays  
Sensory Modalities 

 Graphical (visual) displays 

 Acoustic (auditory) displays 

 Haptic (kinesthetic) displays 

 Tactile displays 

 Olfactory/gustatory displays 
 
Display Methods 

 Numerical vs. figurative 

 Discrete vs. continuous 

 Permanent vs. temporary 
 
 

 

Electrotechnical Basics 
 

Charge 

Positive charges are carried by protons, negative by electrons. The electron 
charge 𝑞𝑒 is the smallest charge existing 

𝑞𝑒 = −1.602𝑒−19𝐶 

Current 
Electric current is defined as charge that passes through a given point or area 
per time. Arrow: direction of positive charges. 

𝑖(𝑡) =
𝑑𝑞

𝑑𝑡
      [𝐴 = 𝐶/𝑠]        𝑞(𝑡) = ∫ 𝑖(𝑡)𝑑𝑡 + 𝑞(𝑡𝑜)

𝑡1

𝑡0

 

Kirchhoff’s Current Law (KCL) 

Current can flow only in a closed circuit. Charge cannot get lost or accumulated; 
charge must be conserved. Conesquently, the sum of the currents at a node 
must be equal to zero 

∑ 𝑖𝑛(𝑡) = 0

𝑁

𝑛=1

 

Voltage 

Electric voltage 𝑢(𝑡) represents the work per unit charge associated with 
moving a charge between two points. 

𝑢(𝑡) =
𝑑𝑤

𝑑𝑞
 

Kirchhoff’s Voltage Law (KVL) 

The sum of all voltages in a closed path is zero. There are N voltage drops 
around a closed path. The sign of each  

∑ 𝑢𝑛(𝑡) = 0

𝑁

𝑛=1

 

Power and Energy 

Power 𝑝(𝑡) is the rate of energy expenditure (“work per time”). Positive value 
means that power/energy is absorbed or stored in the system (heat resistance, 
storage in electric/magnetic field). Negative value means that power/energy is 
extracted, generated (battery). Energy is power over time. 

𝑝(𝑡) =
𝑑𝑤

𝑑𝑡
=

𝑑𝑤

𝑑𝑞

𝑑𝑞

𝑑𝑡
= 𝑢 ⋅ 𝑖      [𝑊] 

𝑤(𝑡) = ∫ 𝑝(𝑡)𝑑𝑡
𝑡

−∞

        [𝐽 = 𝑊𝑠] 

 

Energy Sources 

Sources are devices with two terminals that provide energy to a circuit. There is 
no direct voltage/current relationship for a source. One can distinguish voltage 
and current sources. One can distinguish independent and dependent sources 

 
Resistor and Ohm’s Law 

A Resistor imits the flow of current. Resistance depends on 
material and geometry of the conductor. 

𝑢 = 𝑖 ⋅ 𝑅           𝑖 = 𝐺 ⋅ 𝑢          𝑅[Ω]      𝐺[𝑆] 
 
 

Resistivity & Power at Resistor 

Resistance depends on resistivity 𝜌, length and area. The power consumed by a 
resistor is given off as heat. Power loss in a resistor is independent from voltage 
polarity and current direction (power is always positive for a resistor!) 

𝑅 = 𝜌
𝑙

𝐴
         𝑝 = 𝑢 ⋅ 𝑖 = 𝑖2𝑅 =

𝑢2

𝑅
 

 
Resistors in Series 

𝑅𝐸 = ∑ 𝑅𝑖

𝑁

𝑖=1 

 

Resistors in Parallel 

𝑅𝐸 =
1

1
𝑅1

+
1

𝑅2
+ ⋯ +

1
𝑅𝑁

 

 
 
 
 
 
 
 



Node-Voltage Method 

Simplify KCL, KVL and Ohm for Complex Networks 
1. Introduce a reference node (ground); it is usually the one with most 

branches connected to it 
2. Mark remaining “essential nodes”, currents leave node 
3. Assign each node a voltage with respect to ground 
4. Except for the reference node, write KCL at each of the N-1 nodes 

 
 

Inductors 

A passive element that stores energy in a magnetic 
field. Any changes in the source (step input) with 
circuits containing inductors have a response that is 
not instantaneous. A change in current induces a voltage in the inductor while a 
constant current yields zero voltage drop. 

𝑢(𝑡) = 𝐿
𝑑𝑖

𝑑𝑡
             𝑢(𝑡)𝑑𝑡 = 𝐿 𝑑𝑖             𝑖(𝑡) =

1

𝐿
∫ 𝑢(𝑡)𝑑𝑡 + 𝑖(𝑡0)

𝑡1

𝑡0

 

 When a circuit has just DC currents (or voltages), the inductors can be 
replaced by short circuits, since voltage drops are zero 

 In the real world, current cannot change instantaneously through an 
inductor, as an infinite voltage would be required 

 In AC, Current shifted in negative phase (delayed) 

 
Capacitors 

A capacitor is a passive element that stores energy in an electric 
field by charge separation polarized by a voltage, consisting of 
parallel plates of conducting material separated by a gab with a 
dielectric material (air, Teflon, etc…). 
Dielectric material contains large amounts of electric dipoles that become 
polarized in the presence of an electric field. Charge separation is proportional 
to the external voltage 

𝑞(𝑡) = 𝐶 𝑢(𝑡)      𝑖(𝑡) =
𝑑𝑞

𝑑𝑡
         𝑖(𝑡) = 𝐶

𝑑𝑢

𝑑𝑡
 

 The capacitance of a capacitor is determined by the permittivity 𝜀 of the 
dielectric medium, the size of the gap, and the cross 
sectional area of the plates 

𝐶 = 𝜀
𝐴

𝑑
            𝜀 = 8.854𝑒−12𝐹/𝑚 

 

 Dielectric materials have very high resistance (ideally 
non-conductor) 

 A constant voltage at a capacitor yields to zero current 

 Capacitors act as open circuits when DC currents are present (no current) 

𝑖(𝑡) = 𝐶
𝑑𝑢

𝑑𝑡
       𝑖(𝑡)𝑑𝑡 = 𝐶𝑑𝑢       𝑢(𝑡) =

1

𝐶
∫ 𝑖(𝑡)𝑑𝑡

𝑡1

𝑡0

+ 𝑢(𝑡0) 

 

Operational Amplifiers (Op Amps) 

 Electric multiterminal device with many resistors, capacitors and 
transistors 

 Can amplify, sum, subtract, integrate and differentiate signals 

 Output voltage is usually much larger than input voltage difference of 
input signals by a factor of A 
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Sensors 
 

Resistive Sensing Principle 
Potentiometer 
Resistance changes with 
the length of the resistor. 
Change of length is 
achieved by a mechanical 
slider on resistive path  
 
Strain Gauge 

Resistance changes with the length of the resistor. Change of length is achieved 
by a mechanical strass and elongation of the material 
 
Wheatstone Bridge  
Electrical circuit used to measure an unknown 
electrical resistance by balancing two legs of the 
circuit. One leg includes the unknown 
component; three other components must be 
known 
 
Option 1: Unknown component can be 
determined by adjusting one component (R2) of the other leg until 𝑈𝐺 = 0 

𝑅𝑥 = 𝑅2

𝑅3

𝑅1

 

Option 2: The measured voltage difference 𝑈𝑔 through the galvanometer can be 

used to calculate the value of the unknown component. This option is 
frequently used in strain gauge and resistance thermometer measurements 

𝑈𝐺

𝑈
=

𝑅3

𝑅1 + 𝑅𝑥

−
𝑅1

𝑅1 + 𝑅2

 

Wheatstone bridges can be implemented as full, half or quarter bridges. 
Example: strain gauge. 
 

Capacitive Sensing Principles 

Changing permittivity 𝜀, size of gap or cross sectional area of the plates 
 
Example: Recording of pressures with instrumented Insoles  
 

Inductive Sensor Principles 

 
 
 
 
 
 
 
 
 

Piezoelectrical Sensing Principle 

∆𝑞 = 𝑘∆𝐹 
 
Ex: Recording of Ground-Reaction Forces 
 
 
 

Electrocardiography (ECG) 
Nervous conduction in the Cardiac 
Muscle 
 
Dipole Vector during Heart Activity 
Recorded Voltage U results from 
projection of dipole 
vector 
 

𝑈 = 𝒓 𝑥 𝒑 
 
 
 
 
 
 
 
 
 



Electroencephalography (EEG) 

 
Electromyogramm (EMG) 
Same thing with skeletal muscles… 
 

Frequency and Amplitude Ranges 

 
 

Analog Processing 
 

Aliasing Effects in the EEG 

 
Signal at 50Hz is correctly detected with the higher Sampling rate. 
 

Signal Pertubations 

 
 
 
 
 
 
 
 
 
 
 
 

Digital Signal Processing 
Signal and noise: Signal and noise can overlap 
or be present in an non-overlapping case. 
 

Digital Filters 
Ideal Frequency Responses of Different Filters 

 
Real Frequency Response of a Low Pass Filter 

 
 

Controller 
 

Examples 

 Control of movement of force 
o Position/speed control 
o Force control 
o Impedance, admittance control 
o Model adaptive/predictive control 
o Iterative learing control 

 Control of light intensities 

 Control of temperature 

 Control of concentration (e.g. anesthesia, insulin treatment) 
 

Summary/Goals 
 Electric circutry theory applied to bioinstrumentation 

 Charge, Current, Voltage, Power, Energy, Resistance, Inductance, 
Capacitance, Operational Amplifiers 

 Signal pathways, Control and Feedback 
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Physiological Modelling I 

Introduction in how physiological systems can be modeled using mathematical 
descriptions. Such models can be applied to better understand a physiological 
system, to predict it’s behavior and even to control it. 
 

Kind and use of models 

 
 

Black Box Models 

𝑦(𝑡) ≈ 𝑓(𝑢(𝑡)) 

With transfer functions in Laplace 
space: 

𝑦(𝑡) ≈ 𝐿−1{𝐻(𝑠)𝑈(𝑠)} = 𝐿−1{𝐻(𝑠)𝐿(𝑢(𝑡))} 
 
Structural Model 
Can get very complicated 
very fast.  
 
 
 
 
 
 

 
 

Why Modelling? 
1. Prediction 

 
 
 
 
 
 
 
 
 
 
 

2. Comprehension 

 

Example – Model-Supported Motion Analysis 
Inverse Dynamic computations 

 
 

How to derive and use a model 

 
 

Example: The pumping heart 
 

Function of The Heart 

 
 
Can we develop a mathematical model which reflects the behavior of the 
heart beat action? 

 Electrochemical wave causes the muscle fibers to contract and push blood 
into the ventricles, causing the whole ventricle to contract into systole and 
deliver a big pump of blood down the arteries.  

 Muscle fiber starts to relax and returns the heart to a diastole; the process 
is then repeated. 

 
What are main qualitative features for such a model 

 Exhibit an equilibrium state (fixed point) corresponding to diastole 

 There must be a threshold for triggering the electrochemical wave causing 
the heart to contract (diastole to systole) 

 The model must reflect the rapid return to the diastole after systole 
 An oscillatory behavior between two points 
 Can we model this behavior using differential equations? 
 

Conjecture and Initial 
Hypothesis/Model 
Van der pol equations 

 
 Moves rapidly along paths on which u 

is nearly constant until it approaches 
F(x) 

 The the orbit Follows F(x) until it 
reaches A or B, where it jumps off and the cycle is repeated 

 

Obtain Data and Vaildate 
hypothesis/Model 

 
 
 
This boi dont do fit! 
 
 
 
 
 
 
 

 
 



Modify 
Hypothesis/Model 
 
 
 
 
 
A lot of transformation and rotation of functions…. 

 
Fulfills all three main qualitative features 
for the model stated earlier 
 
 
Rybak Experiment 

 Taken out heart of a frog. It stops beating 

 If Heart muscle is cut open and put under slight tension, it starts to beat 
again. 

 The muscle tension effect needs to be considered, no tension, no beat 
 

State Solution (Zeeman’s 
heartbeat model)  
 x(t) represents the length of muscle 

fiber, b(t) is related to electrochemical 
activity (x0, b0) 

 All parameter values 𝜀, T and 𝑥𝑑 are positive 

 Parameter T is muscle tension and is related to blood pressure. If heart 
muscle fiber is already slightly stretched before beating begins, then a 
larger beat will result and the heart contracts more forcefully than usual. 

 𝜀 Is related to time scale 

 𝑥𝑑 is the average muscle length in diastole 
 

Zeeman’s heartbeat model 
What do we do once we have a model? Use the model to better comprehend 
system’s behavior 
 
What happens for various values of T? 

 𝑇 = 𝑇1 ≥ 0 
o Ventricular fibrillation. Stay at diastole, no heartbeat for too 

small T 
o May occur at a large loss of blood and a decreased blood 

pressure 

 𝑇 = 𝑇2 > 𝑇1 
o Hearbeat wit hsmall amplitude (not the whole available 

variability of parameter b used) 

 𝑇 = 𝑇3 > 𝑇2 
o Hearbeat with large amplitude (whole available variability of 

parameter b is used, ventricular beating) 

 𝑇 = 𝑇4 > 𝑇3 
o Very high tension! 
o Small amplitude movements without beating (b range too small 

for beat to happen 
o Cardiac arrest! 

 

Modifying the model with 
pacemaker 

 U(t) represents the cardiac 
pacemaker control mechanism (0-1, on-off control) that directs the heart 
into the diastolic and the systolic states. 

 𝑥𝑠 is the average muscle length in systole 
Use the model to control your pacemaker such that it imitates a real normal 
heart beat. 
 
 
 
 
 
 
 
 
 

Cardiovascular system control 
NP? 

Erigo Life – Early mobilization in the ICU 

 
 

Why modelling? – Control (Of HR) 
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Example: Eye Saccade 
 

Anatomical & Physiological Parameters 

Anatomic Relationship 

 Fovea: See an object clear 

 Retinal periphery: Detect new object of interest 

 Eye movement: Redirect eye to the obhject of interest 
 
Kind of eye movements 

 Fixation: Maintaining the visual gaze on a single location in order to 
process image; never perfectly steady 

 Smooth persuit: Follow a moving object (<30°/s) 

 Saccade: Fast eye movement between to targets (approx. 50ms for 10° up 
to 400°/s). no image processing during saccade; closed-loop mode only at 
end of saccade 

 
An eye Saccade 
Peak velocity as (nonlinear) Function 
of Magnitude and time 

𝜔_𝑚𝑎𝑥 = 𝛼 (1 − 𝑒
−

𝜃
𝛽) 

𝛼: Steady state peak velocity, 
825°/s 

𝛽: “time” constant 9.31° 
𝜃: Saccade magnitude 
 

 
 Eye saccade peak velocity is a nonlinear function of Magnitude 

 Eye saccade duration is a linear function of Saccade Magnitude 

 Eye saccade latency is relatively constant independent of saccade 
magnitude 

 

The Westheimer Model 
For Horizontal Saccades with 20° target displacement 
(response to muscle activity) 

 
𝜃: Angular eye position 
𝜏: Torque applie to the eyeball by medial and 

lateral rectus muscles¨ 
𝐽: Eyeball moment of inertia 
𝐵: Damping torque (viscous friction) 
𝐾: Stiddnes torque (elastic structures, e.g. optic nerve) 

 
Solution  for the model 
With Δ𝜃 = 20°, 𝜔𝑛 = 120°/𝑠 

and 𝜁 = 0.7 
 
 
 
 
 
 
 

Use of the model 

 Model must be fit to experimental data 

 Model describes 2nd order behavior between input (muscle torque) and 
output (eye movement, angular position. 

 Simple model, easy to use, explains some physiology 
 
Disatvantages 

 Model input is only a simple step function 

 Saccade duration (time to peak) is independent of saccade magnitude: 
𝑇𝑝 = 37𝑚𝑠 

 Peak velocity is a linear function of saccade magnitude: 𝜔𝑚𝑎𝑥 = 55.02  

 Model us not structural, thus it does not provide insight into physiological 
aspects, it does not include the muscle (black-box!) 

 

Neuromuscular Model 

 
 

Muscle Activation Dynamics 

 
 
 
 
 
 
 

 

Muscle Contraction Dynamic 

Isometric Muscle Force – Active state Tension 

 
𝑇: Muscle Tension 
𝐹: Active state tension, F = 0 if the muscle is passive 
𝐹𝑚𝑎𝑥: Maximum isometric muscle force 
𝑎: Muscle activation: relative number of active cross 

bridges in isometric condition 

 Only for isometric contraction, have to introduce the Force-Length 
Characteristic 

 
Force-Length Characteristic – Active state Tension 

 
𝑇: Muscle Tension 
𝐹: Active state tension, F = 0 if the muscle is passive 
𝐹𝑚𝑎𝑥: Maximum isometric muscle force 
𝑎: Muscle activation: relative number of 

active cross bridges (isometric) 
𝑥: Position (change of length) 
𝑓1: Force-Length factor (0 < 𝑓1 < 1) 
𝑙: muscle length 
𝑙0: Muscle resting length 
 

 Does not account for Force-Velocity 
Characteristic 

 
Force-Velocity Characteristic – Hill Model 

 
𝑓𝑣: Force-velocity factor 
𝑣: lengthening velocity 
𝑏: From factor 

 Set 𝑣 =  0  -> 𝑓𝑣 in isometric contidion 

 Set 𝑓𝑣 = 0  -> 𝑣𝑚𝑎𝑥 = 1 
 
 
 
 



Dynamic Muscle Force 

  
𝑇: Muscle Tension 
𝐹: Active state tension 
𝐹𝑚𝑎𝑥: Maximum isometric muscle force 
𝑎: Muscle activation: relative number of active cross bridges (isometric) 
𝑥: Position (change of length) 
𝑓1: Force-Length factor (0 < 𝑓1 < 1) 
𝑓𝑣: Force-Velocity factor (0 < 𝑓𝑣 < ~1.5) 
 

 Did not yet account for Passive Elastic Properties of muscle 
 
Muscle Tension Computation – Elastic Properties 

 
𝑇: Muscle Tension 
𝑥: Position (change of length) 
𝐾: Stiffness 
𝑙: muscle length 
𝑙0: muscle resting length 
 
Muscle Tension Computation – Active State Tension 

 
𝑇: Muscle Tension 
𝐹: Active state tension 
𝑥: Position (change of length) 
𝐾𝑝𝑒: Stiffness of the parallel-elastic component 

(𝐾𝑝𝑒 = 40𝑁/𝑚 

 
Combining Active and Passive Muscle Tension 
(Static!) 

 
𝑇: Muscle Tension 
𝐹: Active state tension 
𝐹𝑚𝑎𝑥: Maximum isometric muscle force 
𝑥: Position (change of length) 
𝐾𝑝𝑒: Stiffness of the parallel-elastic component 

𝑎: Muscle activation 
𝑓1: Force-Length factor (0 < 𝑓1 < 1) 
 
Muscle Tension Computation – Viscous Element  

 
𝑇: Muscle Tension 
𝐹: Active state tension 
𝑥: Position (change of length) 
𝐾𝑝𝑒: Stiffness of the parallel-elastic component 

𝐵: Damping Coefficient 
 
Combining Everything – Series Elastic Element  
 
 
 
 
 
 
 
 
 

Segment Dynamic  
Adding the Eyeball 

 

Linear Homeomorphic Eye Model 

 

 
 

Validating – Optimization Problem 

 
 
 
 
 
 
 


