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Biomechatronics – FS19 
1. Introduction 
Biomechatronics: application of mechatronic engineering to human biology 

• Identification of biological principles and transfer to technical solutions 

Application fields:  

• Orthotics: reinforcing, support, relieve, restore →in parallel 

• Prosthetics: replacing (exo-, endo) →in series 

• Substitution 

• Diagnostics 

→Provision of survival and quality of life (reintegration into society) 

1.1 Definitions 
Functions: the physiological functions of body systems   

Structures: anatomical parts of the body such as organs, limbs and their components fulfilling 

particular functions   

Activity: the execution of a task or action by an individual   

Participation: involvement in a life situation  

Environmental factors: make up the physical, social and attitudinal environment in which people live 

and conduct their lives  

Impairment: a problem in body function or structure such as a significant deviation or loss   

Disability: a general term summarizing functional deficits due to impairment, activity limitation 

and/or participation restriction 

Rehabilitation: reintegration of an individual with a disability into society 

1.2 Signal Pathways 
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1.3 Applications 
Diagnostics:  

• Glaucoma: Contact lens to track glaucoma progression 24h 

• Small bowel endoscopy: minimally invasive observation of small bowel abnormalities 

• Ventricular assist device (VAD): partially or completely replaces function of a failing heart 

→mechanical circulatory device 

Reinforcing/Restoring: Bladder Stimulation 

Replacing:  

• Leg prosthesis 

• Cochlear Implant 

• Targeted muscle innervation →electrodes are attached to muscle which respond to thoughts 

Relieve/Restore: Deep Brain Stimulation 

Substitutes: Sensory aids for the blind 

2. Human Factors 
Human factors include human patient and human operator but also other parts of the signal pathway 

can be affected such as Sensor/electrodes, display, actuator, etc. 

When designing and engineering biomedical machines, several factors need to be considered: 

• User needs: comfort, simple to use, aesthetics, cost, easy maintenance 

• Safety: biocompatibility, robustness, risk analysis 

• Environment: activities (waterproof, etc.) 

• Interface: mechanical anchoring, muscle attachment, minimally invasive 

• Human factors: size, transduction principle, receptor distribution, information coding 

• Engineering aspects: energy source, data transmission, signal processing, etc. 

2.1 Biometrics 
= science of measuring anatomical properties and physiological signals (incl. anthropometrics) 

→Assessing body characteristics and function 

E.g. ECG, EEG, EMG, activity monitors 

Anthropometrics 
Measurements of all body parts →big datasets at NASA 

• Human and Environment: ergonomics: What is a healthy workspace? 

Kinematics 

• ROM with goniometer 

• Optical full body motion tracking: context needs to be known for interpretation: why does an 

athlete make this specific motion? 

Biomechanics 
Joint force/ torque: muscle bandwidth = 4 Hz → what is the maximal force 

Joint impedance (mostly stiffness)→Co-contraction of antagonist stiffens the joint 

during contraction→no machine can do that 
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2.2 Perception: The human senses 
Five traditional senses: 

• Vision 

• Audition 

• Gustation (taste) 

• Olfaction (Smell) 

• Somatosensation (Touch) 

Further sensory modalities: 

• Temperature (thermoception) 

• Position and movement (proprioception) 

• Pain (nociception) 

• Balance (equilibrioreception) 

• Vibration (mechanoreception) 

→Debate over what constitutes a sense and how to group senses 

The visual system 

Spatial acuity 

Assessed via Snellen chart (letters from big to small) 

20/20 vision defined as ability to resolve two points of light separated by visual angle of one arc 

minute (1/60th degree). 

• Corresponds to 300dpi at 25cm from the eye 

➢ Printed newspaper: 200dpi 

➢ Retina display: >300dpi (120 dots per cm) →less: you see the pixels  

2.3 The somatosensory system 
Terminology: 

• Nociception: perception of painful stimuli 

• Thermoception: perception of heat exchange 

• Touch: somatosensation through physical contact, esp. with fingers 

• Proprioception: sense of the relative position of neighboring  parts of the body  

• Haptics: relating to the sense of touch, in particular relating to the perception and 

manipulation of objects using the senses of touch and proprioception 

The receptors of touch  

Receptor Meissner Merkel Pacinian Ruffini 

Function Light touch, 
texture change 
 

Sustained 
pressure 
 

High-frequency 
vibrations 
 

Skin stretching 
 

Receptive field Small Small Big big 

Time course of 
neural signal 
(adaptation) 

Adapts to the 
sensation, firing 
will stop after the 
first seconds 

Is firing 
constantly during 
the sensation 

Adapts to the 
sensation, firing 
will stop after the 
first seconds 

Is firing 
constantly during 
the sensation 

Fingers have smaller receptive fields than arms. 

Temporal variation can improve the spatial acuity of the skin 
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Peripheral density and cortical representation 
Cortical homunculus: Part of the body which have the most sensation are represented bigger than 

parts with less sensation →fingers are more represented than torso 

• 17’000 nerve endings per hand 

• 20’000 receptors on hand and arm →arm has only 3’000 receptors 

→High density of type I receptors in areas with high tactile acuity (e.g., fingertips, tongue) 

Proprioceptive receptors 
Skeletal muscles richly supplied with variety of receptors: e.g. Golgi tendon organs and muscle 

spindles 

Muscle spindle: 

• In parallel 

• Senses changes in muscle length 

Golgi tendon organ: 

• In series 

• Senses muscle force 

Other receptors: joint capsule receptors, cutaneous mechanoreceptors 

2.4 Comparison of sensory modalities and multisensory integration 

Multisensory Integration (Kalman Filter) 
= algorithm that uses a series of measurements observed over time, containing statistical noise and 

other inaccuracies  

→Produces estimates of unknown variables (which cannot be measured directly) that tend to be 

more accurate than those based on a single measurement alone, by estimating a joint probability 

distribution over the variables for each timeframe. 

• Also works for modeling the CNS’s control of movement 

V= vision 

P= proprioception 

A= acoustics 

N= neck 

→All signals are combined  

The brain learns the variability of perceptions and weighs them →integration →result: better overall 

estimate of the situation 

If one signal is missing, the brain has to reconsider the weight of each perception, so that the missing 

signal can be compensated. 
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2.5 Psychophysics 
= study of relationship between the physical properties of a stimulus and the perception of that 

stimulus 

→What we perceive is not a direct reflection of what is present in the environment 

• Detection: which properties must a stimulus possess in order for us to be aware of its 

presence? 

• Identification: how do we know what the stimulus is? 

• Discrimination: how different do stimuli need to be in order for us to distinguish between 

them? 

• Scaling: how do we judge the magnitude of a given stimulus parameter? How do we judge 

degree of similarity or difference for discriminable stimuli? 

Psychometric functions 
Simple forced choice: YES-NO paradigm 

• A standard stimulus and a comparison stimulus are 

presented: Patients says if the comparison stimulus is 

greater than the standard 

• The standard stimulus is always presented. The first 

stimulus is generally underestimated. 

➢ If the comparison stimulus would be 

presented first, the proportion of answers 

‘the comparison stimulus is greater’ would 

become smaller 

➢ E.g. standard stimulus at 30° →Perceived equality when comparison stimulus was 

28° 

• The higher the intensity, the more the stimulus is perceived 

• Advantage: Simple to understand 

• Disadvantage: affected by response bias 

Two-alternative forced choice (2AFC) paradigm 

• 2 stimuli and the person is forced to answer which 

one was larger (even if it was not completely clear) 

→50% chance of being correct 

• Advantage: no response bias, more objective 

• Disadvantage: uncomfortable for the subject 

(forced to make a choice) 

Absolute threshold: smallest amount of stimulus energy that an observer can detect →point where 

it becomes noticeable to our senses 

Difference threshold: minimal noticeable difference in stimulus energy 

• JND: just noticeable difference 

• DL: difference limen 

Point of subjective equality: at 50% 

• Constant error: point of subjective equality minus standard stimulus →influences of 

uncontrolled factors 
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Upper difference threshold (DLU): difference between 50% and 75% 

Lower difference threshold (DLL): difference between 25% and 50% 

• What if the lower threshold is larger than the upper? Can result from insufficient sampling, 

not enough trials, or too few points in the graph (cannot represent the psychometric 

function realistically) 

Psychophysics Methods 
Method of: 

• Constant stimuli (random order) 

• Limits (staircase method) →until when can you see the letters 

• Adjustment (by subject) 

Examples 
Touch: spatial acuity of the skin→ minimal distance where you still can perceive 2 dots 

Proprioception: JND of index Finger joint 

Effect of reference stimulus 
Weber’s Law: the stronger the stimuli (Intensity), the bigger the difference 

must be between them in order to be able to detect the difference 

Example: 

• one can differentiate 2 from 2.2 kg (but not from 2.1 kg)  

• one can differentiate 4 from 4.4 kg (but not from 4.2 kg) 

Logarithmic (Power law) relationship between stimulus and perception 

→Quantifying perception of change in a given stimulus (JND can also be quantified between two 

different limbs) 

The JND at the wrist is 2° for a reference stimulus of 18°. Assuming that your perception at the wrist 

is three times as good as that at your knee, which law can you use to estimate the JND at the knee 

for a reference stimulus of 12°?  

• What is the JND in the knee? 4°: Calculations: 

2.6 Assessing physical and mental task load and task performance 

Subjective workload assessment 
NASA task load index: 

• mental demand  

• physical demand  

• temporal demand 

• performance  

• effort  

• frustration 

Stress and lack of teamwork belong to the most common human error preconditions to accidents 

Assessing cognitive load 
Gaze tracking, EEG, ECG, galvanic skin response (GSR), dual-task paradigm 
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2.7 Task performance 

Fitts Law 
Model of human movement 

→Predicts that the time required to rapidly 

move to a target area is a function of target 

distance and size 

• It’s faster to hit larger targets closer to 

you than smaller targets further away 

from you 

E.g. how long does a person need to move from one 

button to the neighbor button? 

In rehabilitation: computational mechanism based on 

Fitts' Law that balances (adjusts) difficulty of exercise 

for upper-extremity rehabilitation. 

3. Sensory Technology 

3.1 Human-machine interactions 
 

Transducers and sensors: devices that convert 

physiological outputs into signals that can be 

used. Mostly, they amplify electrical signals or 

convert non-electrical biosignals into electrical 

signals that can be further processed 

3.2 Bioelectric signals 
EMG, ECG, EEG, MEG (Magnetoencephalography), EOG (Electrooculogram) 

EMG (Electromyography) 
Nervous conduction in the skeletal muscle. 

The electrical activity of the motor neurons can be 

detected by electrode inserted into the muscle (needle 

electrode) or attached to the skin (surface electrode) 

→connecting to a recording device 

The recording can be made during movement for gait 

analysis →assessing activity of each muscle. 

ECG (Electrocardiogram) 
Nervous conduction in the cardiac muscle. 

Measures electrical potential associated with heart muscle activity →detect heart abnormalities 

• non-invasive: electrodes are attached to the surface of the skin 
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ECG pics up electrical impulses generated by the depolarization and polarization of the cardiac tissue 

and translates it into waveform. 

• Waveform used to measure rate/regularity of 

heart beat, size/position of the chambers and 

any damage to the heart 

• P-Wave: depolarization of atria, QRS-Wave: 

depolarization of chambers, T-wave: 

repolarization 

EEG (Electroencephalography) 
Measures electrical activity of the brain by electrodes 

placed on the scalp. EEG can also be used for brain-computer interfaces in order to drive any device 

or system “just by thought”. 

Brain waves: 

• Delta: Deep stage 3 of NREM sleep (slow wave) 

• Theta: Rem sleep 

• Alpha: Relaxed wakefulness and increased when eye are closed 

• Beta: normal waking consciousness 

• Gamma: cognitive processing 

3.3 Non-electric Biosignals 
Motion, Pressure, Temperature, Gas concentration 

Sensors and Transducers 
Physical sensing principles: 

• Resistive, mechano-resistive: change of electrical resistance of the sensor →reflects the 

change of position of the object 

• Capacitive: Position of the object is determined by the voltage changing with the capacitance 

of the sensor 

• Inductive: Detection of position with the electromagnetic field of the object 

• Piezoelectric: made of piezoelectric crystals which deliver an electrical charge when 

mechanically loaded. 

• Acoustic, ultrasonic: time difference of the sound echo or the Doppler effect to determine 

distance or speed 

• Optical, X-rays: Light sources or images can be used to detect position of motion of an 

object. Change in light intensity reflect the amount of force applied. 

Sensing modalities: 

• Positions, angles, velocities, accelerations  

• Forces, torques, pressures  

• Concentrations of ions, molecules, etc.  

• Images, colors  

• Temperatures, etc. 
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3.4 Signal Pathway 
Actuator: type of motor that is responsible for moving or controlling a mechanism or system. 

• Physical actuation principle: 

➢ Classic: electromagnetic, magnetic 

➢ Fluidic: pneumatic, hydraulic 

➢ Electro-/magnetorheological 

➢ Thermomechanical  

➢ Piezoelectrical/ultrasonic 

• Design principle: 

➢ Serial/parallel robotic kinematics 

➢ Exoskeletons, endeffector-based 

➢ Setups: desktop, portable, etc. 

Display: providing information to the human 

• Sensory modalities: 

➢ Graphical (visual) displays 

➢ Acoustic (auditory) displays 

➢ Haptic (kinesthetic) displays 

➢ Tactile displays 

➢ Olfactory displays 

• Display methods: 

➢ Numerical vs. figurative 

➢ Discrete vs. continuous 

➢ Permanent vs. temporary 

Sensor: is an element of a mechatronic or measurement system 

• Produces a measurable change in response to a physical condition 

Transducer: active element of a sensor that transforms a signal from a physical domain to another 

physical domain 

• E.g. optical domain (wavelength) transferred to electrical domain  

3.5 Sensing principles 
• Resistive 

• Capacitive 

• Inductive 

• Piezoelectric 

• Optical 

Resistive sensing principle 
Potentiometer: 

• Resistance changes with the contact point at the resistor 

• Change of length is achieved by a mechanical slider on resistive 

path 

• The sliding contact is connected to the object being sensed and 

when the object changes position, it will change the resistance 

of the potentiometer 
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Strain Gauge: 

• Resistance changes with the length of the resistor 

• Change of length achieved by mechanical stress/elongation of material 

• Measuring the deformation of the object to which the gauge is 

attached →recording forces 

• Wheatstone bridge is used to amplify signals of several gauges 

• Applying stretch on the wire makes it longer and decreases it’s area 

→resistance increases 

Force sensors: 

• Resistors are printed on a steel substrate →measuring 

higher forces 

• 3 Wheatstone bridges  are used (1 per forces axis)  

• Vertical force:  

➢ 1 resistor in tension (bigger resistance because 

of stretching) 

➢ 1 resistor in compression (resistance drops) 

• Horizontal force: both resistors experience tension or 

pressure and therefore they both have an increase/drop in resistance 

Recording of body posture and movements 

Flexible Goniometer: used to measure joint angles 

• Based on resistive measurement principles using potentiometer 

Gyroscope and Accelerometer can also be used to measure the motor angular position 

CyberGlove: measuring hand movement 

Capacitive sensing principles 
Capacitor: change permittivity ε, size of the gap between 

the plates d, or the cross-sectional area of the plates A. 

The plate is exposed to the active pressure on one side and 

to a reference pressure on the other plate.  

Changes in pressure cause it to deflect which changes the capacitance and, thus, the voltage at the 

capacitor. 

Capacitive sensors are used to measure the pressure distribution of the foot. 

Inductive sensor principles and piezoelectric sensing principle 
Inductive sensor principle: Electromagnetic field used to detect the position of the object. →The 

change of position of the core gives the position of the object: induction of voltage 

Piezoelectric sensing principle: The piezoelectric crystals deliver 

an electrical charge when mechanically loaded  

• Application in force plates to measure ground reaction 

forces and torques 
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Photoelectrical sensing principles 
Light can be used to measure e.g. force 

 

3.6 Inertial sensors 
To measure motion and orientation (motor angular position) 

Accelerometer: 

• Based on accelerated mass and measured Force (a=F/m) 

• Many different ranges and resolutions 

Gyroscope: 

• Angular rate sensor →measures angular speed 

• Based on rotating or vibrating mass 

• Many different sizes, ranges and resolutions 

• An output voltage is produced that is proportional to the rate 

of rotation of an axis perpendicular to the axis of the gyroscope 

3.7 Position encoders 

Absolute position encoder 
Principle: 

• A pattern of bright and dark lines is printed onto a strip 

• These lines are arranged in a way that the combination is unique at each point (binary code) 

• Sensor is an array of photodiodes moving along 

the strip 

• Light information (bright/dark) is digitally 

processed to get position information 

Characteristics: 

• Linear or angular encoders existing 

• Very good resolution (up to 25 bit) 

• Problem of multiple rotations (motor) 

• Disks are fragile and expensive 

• Alignment problems (photodiodes and lines) 

Incremental position encoder 
Principle: 

• Converts motion into a sequence of digital pulses 

• Uses a single line or disk that alternates black and white 

• Encoder resolution is determined by the number of ticks per turn 

• From few hundreds to several millions per turn 

• Provides only relative positions (or speeds) but no absolute positions 
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3.8 Static characteristics 
Transfer function:  

• Input-output relationship 

• Most transducers assume a linear relationship over the 

working range 

Sensitivity S0 (slope):  

• Relationship indicating how much the output y varies per unit of the input x 

(slope of input-output relation) 

Offset y0: 

• Output value under the null input condition 

• Often has to be compensated (offset compensation) 

Range: 

• The range R defines the limits between which the input of a sensor can vary: 

 

Span: 

• The span FS is the maximum value of the input minus the minimum value: 

 

Overload: 

• The overload value x(overload) defines the maximal input signal before breaking the sensor 

Accuracy (A): 

• The extent to which the value indicated by a measurement system might be 

wrong 

• Often expressed as a percentage of the span. →measured points might have 

big variance between each other, but the overall mean is correct 

• E.g.  

Resolution: Smallest change in input value x that will produce an observable change in the output y 

Repeatability (Precision): 

• Describes a sensor’s ability to give the same 

output value for repeated application of the same 

input value →0= best precision 

• Measured points have little variance between each other but their mean 

value can be completely off the right value (this means it’s not accurate)  
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Stability: 

• Ability of a sensor to give the same (constant) output y 

when used to measure a constant input x over a certain 

period of time →drift is bad 

Non-linearity (Error):  

• The non-linearity (error) is defined as the maximum difference from the assumed linear 

function (straight line) 

 

Hysteresis (Error): 

• Transducers can give different outputs from the same value of 

quantity being measured according to whether that value has been 

reached by an increasing or decreasing change 

Noise: 

• Disturbing signal overlaid to the wanted signal →can be high frequency noise, low frequency 

noise, white noise, etc. 

Signal to Noise Ratio (SNR):  

Errors: 

 

3.9 Dynamic characteristics 
Dynamic properties: 

• The sensor response to a time-variable input is different from that exhibited in a steady state 

condition 

• The reason for dynamic characteristics is the presence of elements that store, release or 

absorb energy with some delay or other dynamic effects (e.g. masses, friction, dampers, 

inductances, capacitances) 

• Dynamic characteristics are determined by analyzing the response of the sensor to different 

input waveforms (function of time, not steady state!) 
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Zero-Order Sensors: 

• No delay 

• Infinite bandwidth (theoretically) 

• Changes in sensor output are only caused by changes in the input 

• Example: potentiometer used to measure linear and rotary displacements 

 

First-Order Sensors: 

• Sensor with one element that stores energy and 

one that dissipates it 

• Example: damping effects 

 

Second-Order Sensors: 

• Example: energy storing, damping and inertial effects 

3.10 A/D signal conversion 
Nyquist-Shannon sampling theorem: 

• Sampling must occur at more than twice the maximum frequency of acquired signal to retain 

all frequency components 

• A band-limited time-continuous signal 

can be perfectly reconstructed from an 

infinite sequence of samples, if: 

• Sampling rate: samples per second 

• Bandlimit: highest frequency appearing 

in the signal 
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4. Real-Time (RT) Sampling and Signal Processing 
Low-pass filter: cancels out high frequencies 

High-pass filter: cancels out low frequencies 

EMG data analysis: 

1. Amplification 

2. A-D conversion 

3. Band-pass filter 

4. Rectification  

5. Envelope 

→Expected frequencies within the myoelectric 

signal: 20-500Hz 

EMG is used to measure the muscle activation, 

based on the electrical signal produced during 

contraction/relaxation of a muscle. 

4.1 Fourier Transform 
Convolution theorem: Fourier transform of a convolution is the 

pointwise multiplication product in the other domain. 

Convolution: Two functions multiplied create a third function, 

representing the modified characteristics of one of the originals 

Time vs. Frequency: if the time domain goes towards infinity, the 

frequency domain is very narrow and vice versa 

 

4.2 Data acquisition (A/D conversion) 
• Analog signals: time-continuous with continuous values 

• Digital signals: discretized in time with discretized values 

Converter determines the quality of the acquired 

signal. 

Determining parameters are: 

• Resolution (bits) →more bits, smaller steps 

• Stability (temperature drift, etc.) 

• Acquisition range 

• Timing resolution and accuracy (measurement at a specific 

time) 

During conversion, resolution in amplitude and time are often lost. 

Resolution of an AD converter: max(range in m)/ 2bits=  steps that can be made in the altitude range 

• 2-bit: only 2^2 levels to describe the altitude 

• Resolution decreases, if larger range is covered 
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When changing from a 12-bit sampling resolution to an 8-bit sampling resolution, the required 

memory is reduced by one third 

Effects of sampling rate and quantization on sensor resolution 
Even if the sensor has a good resolution, it doesn’t mean that further usage gives good values. 

Example: 

 Encoder: 4000 pulses/revolution! 

The angular resolution is very good. 

The velocity resolution is not very good! 

→Velocity resolution = angular resolution/T 

 

 

At a given angular resolution: 

• Slower sampling frequency: velocity resolution gets better 

How to increase the velocity resolution: 

• Slower sampling frequency, increase sensor resolution 

Sampling of continuous signals 
The sampling rate must be small enough, so that we don’t 

undersample the signal. 

Nyquist-Shannon sampling theorem: 

 

If a signal is sampled at less than the Nyquist rate, aliasing can result. →False reproduction of signal 

Aliasing =overlapping of high frequencies 
No overlapping should 

occur:  

 

Helicopter: has a high 

frequency of his rotor. If 

filmed at a low frequency, it 

now seems to turn its rotor 

in a very slow way.  
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In General: It’s important to know as much as possible about the signal to choose the right sampling 

rate. In the heart, it must be faster than the beats per minute. 

4.3 Digital Filtering 
What is filtered out? 

• Low-pass filter: removing high frequency noise 

(moving average filter) 

• High-pass filter: removing low frequency noise 

(removing sensor drift)  

• Band-pass filter: Keep frequencies of certain range 

• Band-stop/Notch filter: remove power grid noise 

(50Hz) →bandreject 

In which domain? 

• Time domain: e.g. window function 

• Frequency domain: e.g. band-pass filter 

Why is filtering important? 

• Sensor drifts e.g. through temperature change 

• Sensor noise →common noise can be reduced through 

differential measurements 

• Differentiation noise (acts as a high-pass filter) 

Time domain 
1. Window function (mean, median, weighted average, …): 

zero-value outside specified interval 

2. Window function forward shifted 

3. Filters signal over window 

Moving average filter: n-th order simple moving average (only 

samples from the past)  → 

Frequency domain 
Frequency specific filters in frequency domain 

→‘Cuts’ unwanted frequency content 

Design parameters: cut-off frequencies, bandwidth, etc. 
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Butterworth Filter 
Designed to have as flat a frequency response as possible in the passband. 

Representation in terms of a difference equation:  

→Recursive: current output depends on previous inputs and outputs 

4.4 From Offline to Online Processing 

Offline vs. Online signal processing 
Online: 

• (𝑟𝑎𝑛𝑔𝑒 10 𝑡𝑜 20) ∗ 𝑓𝑚𝑎𝑥: sampling frequency 

• Disadvantage: time delay 

• Advantage: nearly immediate data receiving 

Offline: 

• Sampling theorem used for sampling frequency (Nyquist) 

• Advantage: In offline signal processing, we can avoid the delay by applying the filter twice, 

once forward and once backward in time (zero-phase filtering) 

➢ For online filtering, this method is not suitable as it requires the whole signal to be 

available 

• Advantage: information about the future 

If you respect the sampling theorem, the original signal can be reconstructed without any 

information loss. 

→In online signal processing and control, there is no information about the future states of the 

system. 

Switching to RT Signal processing 
“Real-time” used for large band of sampling frequencies, depending largely on application  

Sampling/control frequency of a real-time system is determined by:  

• dynamics (how the system evolves over time) of process to be measured  

• dynamics of the system under control  

Sampling hardware is characterized by:  

• Latency: a time delay between the moment something is initiated, and the moment its first 

effect begins (data transmission delay)  

• Jitter: time-varying transmission delay  

• Determinism: to be deterministic, the system should have low and known (=constant) 

latency  

• Synchronization between components and devices 
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RT sampling and signal processing tips 

• Know your hardware and signals (range, dynamics, noise, latency, etc.) and use knowledge 

for debugging 

• Reduce noise through differential measurements and filtering. 

• Consider implications of selected sampling rate and use appropriate analog anti-aliasing 

filters. 

• Take advantage of onboard pre-amplifier to increase resolution. 

• Limit bandwidth to application requirements. 

• Choose sampling frequency about 10-20 times above system dynamics 

4.5 Clicker 
How does the Fourier Transform look like that 

corresponds to this signal? 

 

5. Actuator Technology 
Definition: A mechanical device which converts energy into some 

kind of motion and/or force. 

Also: Electrical devices that produce or trigger a physical or 

physiological response by stimulating the body’s musculature or 

nerves. 

5.1 Types of Actuators 

Electromagnetic Actuator 
Force produced on a current carrying conductor placed in a magnetic field: AC 

and DC motors. →Using electromechanical principles 

B: magnetic vector (middle finger); I: current vector (index finger), F: force (thumb) 

Advantages:  

• Quiet, clean 

• low to medium power to weight ratio 

• easy design, control and installation 

• in general cheap 

Disadvantages: 

• can have friction due to brushes, eddy currents and bearings 

Pneumatic Actuator 
Compressed air is used to move linear or rotary unit (piston). Valves are used to control the air flux 

through the actuator and generate the force F. 

Filtered air is compressed by a motor driven pump, cooled and dried before entering the reservoir. 
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Advantages: 

• Simple, lightweight, easy maintenance, fast, cheap, safe reliable 

• Long distance to end-effector 

• high power density (power to weight ratio at end-effector) 

Disadvantages: 

• Air leakage, less accurate, friction, limited bandwidth, difficult to control 

Typical property: compliance (can be good or bad) 

Single acting cylinder:  

 

 

 

 

To produce movement, force produced by the air must be larger than the force produced by string. 

Double acting cylinder: 

 

Example: Pneumatic artificial muscle (PAM) 

Hydraulic Actuator 
Hydraulic fluid (typically oil) is pressurized by a power plant. →No reservoir as in pneumatic actuator 

Pressure regulator to maintain constant pressure in the system, 

valves to control flow rate. 

Delivered to rotary or linear actuator.  

Advantages: 

• Long distance to end-effector 

• High power density (power to weight ratio at end-effector) 

• Large payload (potentially dangerous) 

• High position accuracy 

Disadvantages:  

• Leakage results in hygienic problems 

• High inertia in case of long hoses 

• Complex structure, difficult to control, expensive 

Typical property: high output stiffness (can be good or bad) 
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Rheological fluids 
Viscosity changes due to electric/magnetic field acting on micron-sized or magnetic particles 

→Change from liquid into solid state within milliseconds 

Advantages: convenient and small 

Disadvantages:  

• Limited bandwidths, large fields required 

• Only variable damping rather than active force 

Thermomechanical Actuator 
Principle of Shape Memory Alloy (SMA): 

• Unique class of metal alloys that can be stable in two different phases 

• Two stable phases: high-temperature phase (austenite) and low-temperature phase 

(martensite) 

• State change (deformation) due to temperature change 

Advantage: high power to weight ratio 

Disadvantage: low speed, limited bandwidth, cooling difficulties 

Piezoelectric and Ultrasonic Actuator 

Piezoelectric Actuator 

Applied voltage (electric field) generates strains and deformation in a piezoelectric material 

• Force onto crystals: charge inside the 

crystals gets pressed onto the surface 

→force can be measured 

→Bimorph: two layers with different motion 

directions: extension vs. contraction 

Ultrasonic Actuator 

Uses resonance to amplify the vibration of the stator in contact with the rotor. 

Operates at frequencies up to 50MHz, vibrations of only a few nanometers in magnitude 

Advantages and Disadvantages of both 

Advantage: 

• Can be fabricated without metal (MRI compatible) 

• Works at high frequency: high response rate and accurate 

Disadvantage: 

• Require high electrical fields 

• Piezoelectric ceramics show hysteresis, thus closed-loop control for accurate positioning 

required 

• Limited speed and bandwidth 

• Usually not backdrivable 
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Electroactive Polymers (EAP) 

Significant change of shape or size of a polymer in response to the application of an electrical field 

(typically 1kV) 

Requires dielectric elastomers with elastic electrodes on both sides 

Undergoes a large amount of deformation (up to 380% strain) while sustaining large forces. 

Characteristics similar to that of biological muscles 

• Advantages: compared to SMAs higher response speed, lower densities and improved 

resilience 

• Disadvantages: requires high electric fields, limited speed and bandwidth 

5.2 Electromagnetic Actuators 

DC Motors (direct current) 
Using right hand rule: 

• Thumb: I; Index finger: B; Middle finger: F 

If current continues to flow into the coil, it will rotate by 

90° until the coil is orientated vertically and then will 

stop because the forces in the conductors will pass 

through the rotation axis and the turning moment will 

have reduced to zero. F=B*I*L*sin(α) 

Components: 

• Rotor (Armature): coil that carries the current attached to the rotating shaft (rotor), which is 

divided into electrically isolated areas 

• Commutator: electrical contacts (brushed) on the rotating shaft to 

deliver and control the direction of current through the armature 

windings →connection to power source 

• Brushes: provide stationary electrical contact to the moving 

commutator conducting segments 

• Stator: stationary outer housing→permanent magnet: constant magnetic field 

Electromagnetic  Pneumatic Hydraulic 

+ Quiet, Clean, easy design 

+ control & installation in 

general cheap 

+ long distance to endeffector 

+ simple, light weight 

+ easy maintenance 

+ fast, cheap, safe, reliable 

+ long distance to endeffector 

+ large payload 

+ high position accuracy 

• Can have friction due to 

brushes 

• Eddy currents & bearings 

• Air leakage 

• Less accurate 

• Friction limited bandwidth 

• Difficult to control 

• High inertia (→ slow) 

• Complex structure 

• Difficult to control 

• expensive 
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Mechanical model 

 

 

 

 

Torques acting on the shaft: 

• Torque τM: produced by the motor as a endresult of the current through armature 

• Friction torque τf: proportional to speed (i.e. viscous friction, static friction ignored)  

• Load torque τL: due to attached load 

 

Electrical model 

 

 

Steady state: 

• I and w are constant 

• no change of current:  

• Steady state, neglecting friction:  
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Speed Torque Curves: 

• From the last formula, we can see that for a fixed 

input voltage V(M), the torque produced by the motor 

is inversely proportional to the rotational speed w. 

• Max. torque when speed =0 

 
• Max. velocity when torque =0 

 

Torque at steady state:  

Power output (P) = torque*velocity (w) 

Brushed DC Motors vs. Brushless DC Motors 

Brushed: 

• Generates torque from DC power using a mechanical commutator 

with brushed, stationary magnets and rotating electrical magnets 

• To provide a continuous torque, several coils are added 

• Advantage: cheap, reliable, simple to control speed 

• Disadvantage: friction, maintenance, low life span 

Brushless: 

• Rotating permanent magnet and stationary 

electrical magnets on the motor housing (to avoid brushes) →coils (electrical magnet) are 

energized in sequence →rotation 

• Has an electronic commutation system 

• Advantage: longer life span, little maintenance, less friction, more efficient 

• Disadvantage: higher costs and higher inertia 

Stepper motors: 

• Brushless motor 

• Moves in accurate angular increments (steps) 

• Stator: multiple toothed electromagnets 

• Rotor: gear-shaped permanent magnet poles 

• Lower rotor inertia →faster dynamic response 

AC Motors 
AC= alternating current →induction motor 

Components: 

• Stator: rotating magnetic field generated by supplying the 

coils of stationary stator with AC 

• Rotor (Armature): Torque generated by the rotor interacting with the rotating magnetic field 

generated by the stator →contains electromagnetic or permanent magnets 
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Synchronous AC motor: 

• Coil current varies in a sinusoidal pattern 

• Yields a rotating magnetic field 

• Rotor has constant magnetization (permanent magnet or electromagnet with external power 

source) →motion is synchronous to the AC current 

Asynchronous AC motor: 

• No external AC power source for rotor required 

• No mechanical commutation required 

• Electric current in the rotor needed to produce torque is induced by electromagnetic 

induction from the magnetic field of the stator winding 

• Stator field is faster than rotor 

• Most common! 

Further examples of AC motors: linear motor, external rotor, universal motor 

AC vs. DC 

DC AC 

- Usually more complex mechanics (with 
brushes) 

- Lower efficiency, when brushes 
- Small, lightweight (when using 

permanent magnets) 
- Usually simple current control 

 
Speed(w) and torque(t) depend mainly on 
motor voltage (V) 

- Speed depends on external load 

- Usually simpler mechanics 
- Often higher efficiency 
- In general heavier and larger 
- Complex current control 

 
 
 
Speed(w) depends on current frequency and 
number of poles 

- Speed quite constant, does not depend 
much on load 

 

5.3 Mechanical chain 

Gear 
Properties: 

• Torque/force transmission 

• Change speed, torque, and direction 

of a power source 

Gear ratio: 
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Gear types: 

• Spur, Crown, Worm, Belt drive, etc. 

• Reduction gear helps to reach the necessary torque for a motor 

Clutch (Kupplung) 
Properties: 

• Mechanical element to transmit power and motion 

from on component to another 

• Allows slip and/or bending of shaft 

• Different types can be used to control transmission in 

amount and over time: 

➢ Multiple plate, wet/dry, centrifugal, cone clutch, torque limiter 

5.4 Kinematics 
What is kinematics? 

• Geometry and movements →masses are not relevant 

• Description of relative motion of (coupled) rigid bodies 

• Description of movement by generalized coordinates (DOF) 

Degree of Freedom (DOF): 

• # of independent movements an object can make with respect to a coordinate system 

• Example: an object has 6 DOF in space (3 rotations, 3 translations) 

Serial linkage: Forward kinematics and inverse kinematics 
Forward kinematics: 

• Given: joint angles, position of the motors 

• To be found: end-effector position and orientation 

• 𝑥𝑡𝑖𝑝 = 𝐿1 cos(𝜃1) + 𝐿2cos (𝜃1 + 𝜃2) 

• 𝑦𝑡𝑖𝑝 = 𝐿1 𝑠𝑖𝑛(𝜃1) + 𝐿2𝑠𝑖𝑛 (𝜃1 + 𝜃2) 

Inverse kinematics: 

• Given: desired end-effector position and orientation 

• To be found: underlying joint angles, position of the motors 

• It is often ill-posed (undetermined due to redundancy) 

• Problems: 

➢ Redundancy: it’s possible that # of joints > # of DOF 

➢ 4 links in planar space: infinite number of solutions 

Kinematic structures 
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Exoskeleton vs. Endeffector-based 
Exoskeleton: Mobile machine consisting of an outer framework worn by a person and powered by a 

system of motors that delivers at least part of the energy for limb movement 

• Problem: Difficult alignment of the human and the robotic joint →joints need to be aligned 

correctly, otherwise it can be dangerous for the patient! 

Endeffector-based: Robotic prolongation of the human that interacts with the environment 

• Problem: Difficult control of complex and easy movements →no knowledge of posture of the 

patient 

6. Modelling Basics 

6.1 Different Types of Models 
 

Only because there is a correlation 

doesn’t mean there is a causation! 

 

 

 

 

 

Black Box models 
Only input and output are looked at. No knowledge of the 

internal workings.  

 

 

 

Structural model 
Knowledge about the structure/underlying system. 

→Complex system of human movement. 

Level of detail has to fit the effect/outcome that wants to be 

seen. →Compromise 

Why modeling? 
For prediction and comprehension of a system 
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Model-Supported Motion Analysis 
Placing surface electrodes onto the muscle and measuring it with infrared 

cameras.  

Inverse dynamic computations: 

 

 

6.2 Direct and inverse dynamic models 

  

Direct dynamics: motion synthesis (cause to effect) 

Inverse dynamics: motion analysis 

Principles of motion synthesis 
From neuronal input to body motion via direct dynamics to motion realization. 

Motion synthesis for: 

• Diagnostic, basic research: support through graphically animated motions 

• Education, training and planning in medicine: virtual reality to support diagnostics/ therapy 

• Rehabilitation 

➢ Mobility support: control of (Exo-)Prostheses, wheelchairs, etc. 

➢ Mobility improvement: orthotic motion support, VR for motion therapy 
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Direct dynamic modeling 

 

Activation dynamics: Components, properties 

➢ Signal transfer to motor endplates 

➢ Release of Calcium ions, ATP balance 

➢ Fatigue and relaxation behavior 

Contraction dynamics: Properties 

➢ Contractile properties 

➢ Length and velocity relationship 

➢ Passive viscoelasticity 

➢ Tendon properties 

Force transmission: → 

 

Direct dynamics modeling Example: (p.30-45) 

  

Simplified modeling assumptions: 

• Second order dynamics 

• Both muscles are activates the same way 

• Muscles completely relaxed in the beginning  

→How to find c1, c2, c0: Applying controlled stimulus u(t), Measuring a(t), fitting model 
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→Activation dynamics  

(Beispiel auf Blatt) 

 

Segment dynamics: 

 

 

→Bewegungsgleichung:  

 

 

 

 

führt zu: 

 

→Segment dynamics 

 

 

Inverse dynamics 
Principles of motions analysis: 

Why motion analysis? 

• Basic research: 

➢ Insight into neurophysiological and 

biomechanical processes 

➢ Better understanding of sensorimotor processes 

and organ function 

• Diagnostic in neurology and orthopedics: Comparison of 

pathological motions with reference motion 

• Rehabilitation and ergonomics: 

➢ Optimization of sports tools to motion patterns 

➢ Design of rehabilitation devices 

➢ Optimization of the ergonomics of tools 
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6.3 Clicker 
Forward dynamics: 

a(t) is the state and u(t) is the input 

u(t) is the cause and a(t) is the effect 

→In general, calculating the forward dynamics is easier than inverse dynamics 

Characterize the following muscle activation dynamics equation for the first muscle: 

 

• The model is second order ODE, since there is a second time derivative 

• The model equation is non-homogenous 

• The model equation is a linear ODE 

7. Modeling and Simulation 
Simulation Term Definition: 

• Simulation is the imitation of the operation of a real-world process or system over time 

→Dynamic, models 

Simulation of any of the mathematical models: 

everything can be simulated. 

Simulation dynamics: 

• Discrete dynamics: if time can be simplified to 

discrete events 

• Continuous dynamics: if we have differential equations 

7.1 Simulating the model from last week 
State-Space Representation, Integration Model, Timestep 

State-Space Representation 
Mathematical model of a physical system (integrates input, output, state variables) 

E.g. DC Motor equation from 

‘Actuator Technologies’ 

2nd and higher 
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For the activation dynamics (from lecture 6): 

 

For the segment dynamics (from lecture 6): 

 

 

 

 

 

 

Integration Model 

Explicit Euler 

Simple procedure 

 

Activation Dynamics:  

 

How to improve the accuracy of your simulation still using Explicit Euler and without changing the 

model with its linearization? →use a smaller time step h. 

Implicit Euler 

Requires solving equation for each time step. 

  

Activation Dynamics: 
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Implicit trapezoidal method 

 

The Runge-Kutta Method (classical RK4) 

 

 

Timestep h (fixed/adaptive) 
Basic idea: choose hi as big as possible but as small as necessary 

Adaptive step size: better predictions in less time 

 

Comments 

On model complexity 

As simple as possible, as specific as necessary! 

Makes it easier to: 

• Simulate 

• Find parameters 

• Understanding of the model and its limits 

• Explain discrepancies between models and reality 

• Avoid overfitting 

 

On model validation 

Testing if the model behaves well for “new/unused” data 

Important: 

• A validation give a quantitative measure (e.g. errors) on how your model generalized to 

new/unused data 

• Model validation is important to check for overfitting of your model 

• If you use validation knowledge in any way to adapt change or select a model, it is not 

validation anymore! 
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7.2 Limitations of simulation 
How does the system react to another input? →Replace the input function 

What if there is noise in u1(t)? →Noise can be modelled and simulated 

• U(t) can be anything that does not only 

require information that is available to you at 

time point t. 

• You could also model your input as a function 

of the current or past inputs or current state 

states →Feedback control 

Can the input u1(t) be dependent on the state? →We 

can simulate feedback control 

8. Control Engineering I 

8.1 Robot-assisted Therapy 
Elements: 

• Mechanical structure 

• Actuator: convert energy into motion and force (e.g. motors) 

• Sensors: measure physical parameters (e.g. position) 

• Controller: uses sensor data to control actuator 

• Patient interface: Attached to patient and transmits forces form the robot 

• User interface: enables user to adjust controller settings 

• Power source: electricity to drive actuator, controller 

Goal: safe exchange of mechanical power with patient in attempt to guide/support/resist movement. 

Power [Watt] = effort x flow 

Electrical domain: Power [W] = voltage [V] x current [A] 

Mechanical domain: Power [W] = force [N] x velocity [m/s] 

8.2 Control Example: EHTZ MegaPaddle 
Goal: deflect the handle to constant 15°. 

Initial Approach 
First idea: apply a constant voltage to the amplifier such that the paddle 

deflects to 15° →which voltage 
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Static case (constant angle) →motor 

only compensates for gravity 

• No acting torque on paddle 

→10mV applied, but nothing 

happened. Possible reasons: 

• Parameter uncertainty 

• Non-linear effects 

• Assumptions/simplifications 

• Static friction 

Friction model 
Static friction: paddle “clamped” →no motion until static friction is overcome 

If Text> Tstatic →gets dynamic: Coulomb (Tc) and dynamic (viscous) friction (Td) →non-linear effect 

Trial and Error 
Increase of amplifier input voltage until goal is reached. 

Limitations: 

• Parameters can change over time 

• What if reference should be reached faster? 

8.3 Control in general 
Acting on a system (plant) to produce desired output. 

For that, we need to:  

• Minimize effects of disturbance 

• Minimize effects of model uncertainty 

What is good control? Desired value is reached: 

• Quickly, accurately (without error), in the presence of disturbances, without requiring a 

model 

8.4 Feedforward (open-loop) Control 
‘Inversion’ of the plant. 

Works well in presence of a high-fidelity model of the plant or a disturbance and expects no 

unforeseen changes. →For systems that don’t change much or accuracy isn’t that important 

Helps to cope with large delays.  

Examples: 

• If door is open, start heater 

• Skin patch that provides a constant supply of insulin to a diabetic 

Advantages of open-loop control: 

• Fast, simple, low cost →for well-defined systems 
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Disturbances 
What about ‘unforeseen’ disturbances? 

• Could measure them and compensate accordingly  

→But measuring all disturbances adds complexity, 

cost, sensor uncertainty, etc.  

What if the control variable is based on plant output? →Feedback 

8.5 Feedback (closed-loop) Control 

Motivation for feedback control 
Parameter uncertainty, Performance increase 

Advantages of closed-loop control: 

• Robust against disturbances 

• Stabilization of unstable processes 

• Reference tracking performance 

Key components 
Can be combined with feedforward 

 

Control = sense + compute + actuate 

 

 

Examples 
Glucose level in blood: 

• Liver acts as reservoir 

• Pancreas produces hormones to store/release glucose 

Closed-loop performance 
System becomes less sensitive to disturbances and small 

changes →but system can become unstable under some 

circumstances 

Step response: reaction to a sudden change in reference 

Key characteristics: 

• Rise time (t90): time until 90% of the value we 

want →how fast goes the system to the target 

value 

• Overshoot  →ideally = 0 

• Settling time (error band): how much oscillation 

• Steady state error: how close to the desired value 

→should be close to zero 
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Stability of dynamic systems 

BiBo stability: Bounded input (r) produces a bounded output (y)  

→If the states of a general dynamical system stay bounded for any bounded input. 

• Mathematically: all poles of transfer function have negative real values 

 

 

Marginally stable: keeps oscillating 

 

 

Stable: State dies off to zero or equilibrium point. 

Re(λ): real part of eigenvalues of a 

linear system 

Time continuous linear system 

Mass spring damper 

Position and velocity will converge to an equilibrium point.  

8.6 PID Control 
Arrow that goes back: sensor 

Proportional control 
Control output proportional to error 

Effect: 

• Rise time decrease 

• Steady state error decrease 

• Overshoot increase 

• Oscillation 

Steady state error (SSE): 

• Difference between the commanded output and the actual output 

• Non-zero controller output only for nonzero error 

• Gravity requires non-zero torque for zero error 

➢ Bias preloads the spring 

➢ U(bias) to compensate gravity, but it’s a function of the set point 

Proportional integral (PI) control 
Integral action: →integration of error 

• Small error that lasts long (SSE) 

→reduction of constant error 

• Integral action grows over time 

• Can overcome gravity/static 

friction with time 



  Anna-Katharina Zehnder 

Effects: 

• Rise time slightly reduced 

• Steady state error (SSE) eliminated 

• Overshoot increased 

Proportional Integral Derivative (PID) control 
If error has trend to change, counteract through control action. 

3. Derivative control as a Damper →calculates what happens in the future and corrects the 

movement 

Effects of PD: 

• D-action acts as damper 

• Overshoot smaller 

• Oscillation reduced 

• Rise time increased 

• SSE stays the same 

Constants k are multiplied with the input (in the controller) and summed together for the plant 

Common problems with large D gain in a PD controller: 

• Velocity signals often derived from position signal with amplified noise 

• Instability 

• Amplifies noise of the error to be controlled 

→How can this problem be reduced? →Filtering 

• Low pass filtering of the velocity signal of the position signal before differentiation 

• Low pass noisy velocity signal before input to controller 

Summary 
95% of all controllers are based on the PID concept. →Black box approach: no model needed.  

→Only 3 parameters to adjust: 

• Start with P-part 

• Continue with D or I part 

• Iterate or trial and error 

P: decreases rise time (like a spring) →Present 

I: eliminates the SSE →Past 

D: reduces oscillation (Damper) →Future 
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PID tuning: Ziegler-Nichols (ZN) 
‘Standardized’ method: 

1. Start in P-mode 

2. Increase proportional gain until stability boundary is reached (K*: output of control loop has 

stable and continuous oscillation) 

3. Measure period of oscillation (TU) 

4. Derive P, I and D from these two numbers 

Limitations: 

• Need to go to stability boundary! 

➢ Might not be reachable due to saturation  

➢ Could damage the plant 

• No quality-guarantee, just a starting point 

• Aggressive 

8.6 Advanced PID 
Setpoint weighting? 

Derivative Filter: 

• Sensor noise is generally at high frequencies 

• Differentiation of a noisy signal leads to noise amplification 

→Usually, a low-pass filter is thus applied prior to derivation for the D-part 

Integral windup: as soon as you reached your saturation, the integral should stop cumulating errors 

8.7 Summary 
Control: sense, calculate, actuate  

Feedback control makes use of negative error feedback to  

• Reject disturbances  

• Reduce effects of model uncertainty  

• Increase dynamic performance  

PID: P: present, I: past, D: future  

Tuning is based on experience or on rules such as ZN  

Performance improvements of classical PID controllers through   

• Setpoint weighting  

• Derivative filters  

• Anti-integral windup  

→Consider stability limits 
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9. Control Engineering II 
Interaction Control: Instead of imposing flow or effort, impose the relation between the two 

9.1 Linear systems 

Stability of linear systems: Lyapunov 
Lyapunov stability: if the response of a controlled system starting near an equilibrium point xe stays 

forever near xe. 

Stability criterion: Response starting close to equilibrium: 

• Stay close to equilibrium: Lyapunov stable 

• Converges to equilibrium: asymptotically stable 

• Converges to equilibrium ‘quickly’: exponentially stable 

State space 
System dynamics of linear time-(in)variant systems in state space representation →allows to 

represent high-order dynamic systems as multiple linear first-order equations

 

Characterization of a system: 

• Order (first derivative, second derivative) 

• Linear/non linear 

• Time variant: does the constants depends on t 

• Continuous and discrete 

Stability of linear systems: 

1. Characterize the system 

2. Bring it into State-Space-form (chapter 7.1) 

3. Linearize System (if necessary) and bring into matrix form  

➢  

4. Calculate Eigenvalues of system matrix A:  

5. Stability criterion 

➢ for time-continuous systems: All eigenvalues (EV) of state matrix A have to have 

negative real part (so it’s stable)  

➢ for time-discrete systems: Betrag(EV) have to be <1 

 
➢ Oscillation: if EV have nonzero imaginary part 

6. Adding a control input (u) →starting again from 3 

7. U is e.g. PD controller  →Kp, kd 
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9.2 Jacobian Matrix 
Task space: where is the knee position? 

Joint space: where is the foot in space? 

 

 

 

 

→Force/Torque relationship 

 

 

 

 

 

 

 

 

9.3 Components of a robotic system 

 

9.4 Impedance 
If there is a high impedance, there is no admittance. 

Mechanical impedance (Z) 
=a measure of opposition to motion of a structure subjected to a 

force 

Dynamic relationship between velocity and force. 

→Frequency-dependent resistance involved: how much a structure 

resists motion when subjected to a harmonic force?  

Z(w): impedance matrix 
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Z-width 
Z-width: dynamic range of achievable impedance: 

• Low mass rigid body: almost no resistance to motion 

→impedance = 0, high admittance 

• Stiff viscoelastic body: almost complete resistance to 

motion →high impedance, no admittance 

Challenge for a haptic device: finding a broad Z-width with a 

robust stability. 

• Low-end: limited by friction and inertia  

• High-end: limited by saturation and system stability  

Interaction control 
Impedance control scheme: 

Motion command by user →control force generated by haptic 

device  

Motion in, force out (motion induced, force given back) 

Blue: extension: impedance control with force feedback (force 

transducer) 

 

Admittance control scheme: 

Force command by user →control motion of haptic device 

Force in, motion out 

 

(Open-loop) Impedance control 
Detect motion command by the operator and control the force applied by the haptic device 

Applied force is converted into 

torque and fed into the circle.  

The torque is multiplied with an 

inverted matrix leading to delta 

phi. 

Using forward kinematics, we find 

Δx (motion of device). 

Z(Hcl)= Zh+Zd 
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(Open-loop) Impedance control with Model Feedforward 

Modeling errors 

Increased computational load 

because haptic interface input is 

compared to haptic output →lower 

loop rates →compromise (risk) 

maximal stiffness 

Feedforward model is used to compensate friction and gravity (external perturbance) affecting the 

system. 

Impedance control with force feedback 
→ 

Impedance control with force 

feedback and model feedforward: 

• Smaller feedback error 

• Larger force control gain 

possible 

9.5 Robot-assisted therapy of hand function 
Requirements: 

• Rehabilitation robots should cope with a variety of impairment levels 

• Device dynamics should not mask or alter performance of the patient  

• Training should involve interaction with objects of different mechanical properties 

• Requires the ability to render a wide range of impedance and a detailed characterization of 

each device 

9.6 Saturation 
Cannot be improved by feedback 

Be sure to always determine saturation effects, e.g.: 

• Peak velocity 

• Peak acceleration (contacts and shocks are characterized by rapid changes in velocity) 

• Peak force/torque (long-term, short transient and persistent transient) 

• Force/torque rate of change (peak gradient) 

• Peak current/ rate of change 

• Sensing range 

9.7 Summary 
Actuators, gears, transmissions and kinematics determine the backdrivability/apparent 

dynamics/impedance of a system  

• can be minimized through optimal design  

• can be partially compensated through control   
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Position & force control determine flow or effort, whereas interaction control defines a relationship 

between effort and flow  

• Impedance control: motion in force out (natural device dynamics overlaid with controlled 

force)  

• Admittance control: force in motion out (forced device dynamics through stiff position 

control)  

Detailed device characterization is crucial for technology assessment, therapeutic application as well 

as correct interpretation of robotic assessments 

9.8 Clicker 
• Stability of Time-discrete system: |EV| must be <1 

• Stability of Time-continuous system: Re(EV) must be <0 

A mechanical system consist of two rigid bodies, one with one DOF and the other with 3DOF. How 

many state variable does the system have? →8 

A single mass with 1DOF is controlled by a linear motor and PD controller. 

• For a positive P and D value, the system is stable 

Exercise: 

A time discrete system  with a= -1.3 is controlled 

by the input . For which k (0.4, 2, 3, (-0.4)) is the system stable? 

→Calculations 

 

 

 

 

 

10. Risk management 
Risk management: 3 steps 

1. Aim of the device 

2. Risk analysis 

3. Risk management 

Requirements for an emergency stop switch: 

• Should be used to prevent from high danger that may not be preventable differently than by 

an emergency stop 

• Should be operational to a maximum with low tolerance for errors 
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10.1  Risk analysis 
Failure Mode and Effect Analysis (FMEA): Identification of potential risk 

Severity rating S: 10(death)- 1(no harm) →hard to change 

Occurrence rating O: 10(during every use)- 1(nearly impossible) 

Detection rating D: 10(no chance of detection)- 1(direct detection) 

 

The critical RPN is set and should not be exceeded. If RPN is larger than the critical value, 

improvements must be undertaken. 

• Occurrence: e.g. giving better instructions, regular visits to doctor 

• Detection: e.g. introduction of sensors (at least 2, in case one breaks) 

10.2 Performance Level 
Danger: 

• S1: reversible injury 

• S2: irreversible injury 

Exposure: 

• F1: shortly 

• F2: most of the time 

Possibility to avoid danger: 

• P1: possible 

• P2: impossible 

 

11. Display and Rendering technology 
Terminology ‘Rendering’: 

General: The process of generating information out of mathematical models, which can then be 

displayed to a user. 

• Graphical rendering: Process of generating an image from a model or scene file by means of 

computer programs. The image is displayed on a screen or any other graphical display device. 

• Acoustic rendering: process of generating sound information from a model or a recorded 

sample by means of computer programs. The acoustic information is then transferred to a 

speaker or any other sound display system 

• Haptic rendering: process of generating a force or force field from a model or scene file by 

means of computer programs. The haptic information is then transferred to a haptic display. 

→Visual, auditory, haptic displays 

 

 

→Risk Priority Number (RPN) = S * O * D 
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11.1 Depth Perception 
Static monocular cues (pictorial cues of one eye): →enough to perceive with one eye 

• Retinal image size (size constancy): similar objects have similar sizes →this allows to estimate 

distance, if objects are known 

• Linear perspective: parallel lines converge at infinity in a single point on the horizon 

(vanishing point) 

• Texture gradient: texture details are better visible if object is close 

• Aerial perspective: light is scattered by the atmosphere, causing distant objects to appear 

with reduced contrast (outdoor environments) 

• Occlusion: objects in front occlude objects in the back 

• Shadows: depth of an object can be judged through the shadows cast on other objects or 

surfaces 

Dynamic monocular cues (motion of object/observer): 

• Motion parallax: distant objects move slower than close ones  

➢ Example: driving in a vehicle, closer objects pass by faster than more distant ones 

➢ Key mechanism for some animals to judge depth by frequency change of head 

position (e.g. pigeons) 

• Kinetic depth effects: 3D structures can be recognized by the motion of 2D patterns (e.g. 

illumination, shadows) 

Binocular cues: 

• Stereopsis (binocular disparity): slightly different 

projections on retinas of the two eyes due the eye’s 

different lateral (horizontal) position on the head 

Oculomotor cues (muscular activity of Eye): 

• Accommodation: change of the lens shape to focus at 

certain depth due to ciliary muscle activity. →most effective in near vision 

• Convergence: inward movement of both eyes when focusing on close-by objects due to 

rotational eye muscle activity. →most effective in near vision 

11.2 Visual Display technology 
Design challenges: 

• Sufficient spatial resolution, contrast, brightness 

• High image frame rate, low latency (the faster the movement, the faster the framework) 

• Power consumption (low consumption of batteries) 

• Environmental factors 

• Safety, reliability 

Visual stereo display technology 
Stereoscopic Display concept: 

• Depth cue on display: compute and display 2 

images, one for each eye →specific image 

should only be visible for the corresponding eye 

• E.g. Anaglyphs: left and right image 

distinguished by two complementary/different colors (red-green, red-blue, etc.) 
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Polarization filter: filter polarize the left and right eye stereo images. The users wear passive glasses 

with corresponding polarization filters, so that only the appropriate left/right image passes each 

filter. 

Active shutter glasses: 

• Left and right images are produced in subsequent orders 

• Active liquid crystal shutter glasses worn by user are synchronized with screen. 

• Only left or right image projected into respective eye 

Head Mounted Displays (HMD): 

• Two separate images produced by small LCD displays 

• Inertial head tracking sensors to account for head motion in 

graphics →adapting picture to head movement (picture should stay 

static) 

Autostereoscopic Displays: 

• Does not require headgear or glasses on viewer 

• Some technologies allow to track viewer 

• E.g. Lenticular lens, holographic display, light field display 

Cave automatic virtual environment (CAVE): 

• Cube-shaped room with walls used as projection screens to display the virtual world. 

11.3 Rendering in Computer Graphics 
Features: 

1. Object representation 

2. Light source definition: can change how the object 

looks like 

3. Light reflection 

4. Camera projection 

5. Image creation 

Object representation: with polygons 
Shape approximation with piecewise linear polygons (flat faces, usually triangles) 

→Many points on an object connected to polygon triangles 

Light source: models 
Point light parameters: 

• Intensity I0, Position p, distance d 

• Attenuation k1, k2, k3 

• The larger d, the smaller the intensity (darker the object) 

Directional light parameters: 

• Intensity I0, Direction v 

• Constant intensity 
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Spot light parameters: 

• Intensity I0, spot direction v, position p (w pointing on p), 

distance d 

• Attenuation k1, k2, k3 

• V*w = |v|*|w|*cos(θ) →if θ=0 →1 (highest intensity) 

Ambient light parameters: 

• Intensity I0 

• No shadow 

Light reflection: models 
Ambient light reflection: 

• Independent of viewing angle 

• Independent of angle of incidence 

• Sphere looks like a circle 

 

 Diffuse light reflection model: 

• Independent of viewing angle 

• But dependent on angle of incidence (cosine of 

angle)  

 

Specular light reflection model: 

• Dependent on viewing angle 

• Dependent on angle of 

incidence 

• Reflection vector r determined 

for each point on surface 

• Shining added 

• V: point of eye, n: shininess 

→Shininess n(s): 

 

 

Phong lighting model:  

• combination of specular, diffuse and an addition of an ambient reflection term
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Image creation 
Shading: pixel-based image creation: 

• Needed: pixel intensities on screen 

• Known: polygons (objects), light sources and reflection, camera projection (from polygons to 

pixels) 

Shading models 

Flat shading: 

• All pixels of one polygon have the same intensity 

• Evaluate the intensity with the polygon normal (vector)  

Gouraud shading: 

• Get the normal at vertex (Eckpunkt) by 

averaging surrounding polygon normal 

• Solve lighting for vertices and interpolate 

intensity over polygons 

Phong shading: 

• Get averaged vertex normal 

• Interpolate normal for each pixel between vertices 

• Solve lightning for each pixel 

11.4 Auditory Perception 
Exploration: 

• Detection of intensity, distance, sound direction 

• Estimation of sound source location (direction and distance) 

• Perception/processing of sound and speech 

Spatial hearing: 

• Binaural intensity differences 

• Binaural timing differences 

• Head-related transfer function 

Spatial hearing principles 
Binaural timing difference: Arise if a sound reaches the 2 

ears at slightly different instants of time. Cue for 

determining sound directions for low-frequency sound 

Binaural intensity difference: used to determine sound source direction. Sound from the side 

nearest to the source has a higher intensity level at one ear than at the other (reason: distance, head 

shadow)  

Auditory threshold: 

• Threshold for minimal hearing: 1kHz 

• Above 20kHz: no hearing, no matter the intensity 

• As long as the hearing threshold and the pain threshold 

are outside the speech, music perception, it’s okay. 
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11.5 Auditory/Acoustic Displays 
Design challenges: 

• Virtual scenery is spatially distributed 

• Sound source can move (changing direction, Doppler-effect) 

• Perception of sound depends on individual head/ear geometry 

Acoustic displays 
Headphones: 

• Stereo sound 

• No/little sidetones 

• Quality is independent from position 

• Not realistic during head rotation 

Mono speaker: 

• Only single sound direction 

• Must be placed close to visual display 

• Only static sound source can be simulated 

Stereo speakers: two speakers 

Surround sound: several speakers 

• Sweet spot gets larger, the more speakers 

Acoustic rendering 
Applications: 

• Simulation of realistic sounds in virtual environment e.g. bird flying by in a forest 

• Generation of artificial sound (sonification) e.g. replay of instructions or warning 

Technologies 

Displays of Pre-recorded sound samples: 

• Static sound, non-parametric (only loudness, pitch and speed) 

• Many samples required 

Realtime Sound synthesis (Model-based sonification) 

• Based on physical models of the sound source: simulated objects with different material, 

shape, and density properties 

• Sound propagation simulation: sound waves, absorption and reflection models and 

discretized model of world are used to adapt sound, based on user and sound source 

position in the VR environment 

Sound triggering 
Time based: e.g. for a time limited game replay →sound level increases before time runs up 

Position-based: e.g. virtual rowing →blubbering sound 

Event-based: e.g. collision →splash sound when hitting water surface 
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11.6 Haptic perception 

Haptic senses 
Involves both tactile perception through the skin and kinesthetic perception of position and 

movement of joints and muscles. 

Tactile receptors: → 

Temporal resolution: 0.3-1000Hz 

Spatial resolution: max. 200 receptors per 

cm2 

Force threshold: >0.01N 

Kinestetic/Proprioceptive Receptors: 

 

 

 

 

 

11.7 Haptic displays 
Design challenges: 

• Often many joints (DOF) involved leading to complex kinematic structures 

• Kinesthetic and tactile effects difficult to separate 

• Ergonomic issue (portable vs. Fixed systems) 

• Power consumption 

Desktop systems: Feel-It-Mouse logitech 

Portable systems: exoskeleton hand 

Haptic rendering 

Control aspect of haptic displays 

Mechanical impedance Z: 

• Load interaction between user and haptic display device 

• Passive elastic, passive viscous, inertial, active muscular, etc. 

Mechanical admittance Y: Y=Z-1  

Force f, position x:  

Example: rigid wall: Y →0, Z→infinity 
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Impedance architecture: Position sensor is implemented to measure the 

real position for the end-effector. Position is used to calculate the 

interaction forces in the virtual environment according to ompedance. 

Force is then fed into an inner force controller to display force on the 

haptic display end-effector 

 

Admittance architecture: Force-torque sensor records the interaction 

forces betweent user and haptic device. 

Force information is used to compute the desired motion. Desired motion 

is fed into standard position controller to change the position of the 

haptic display end-effector 

 

Implementation 

Example: user presses against virtual soft wall 

• Let the subject actively move against adjustable force 

• Simulate force field with viscoelastic characteristics 

Haptic rendering method: Vector Field Method (Volume method) 

Problem: when the avatar is near the corner of the square, the direction of the 

force is not clear. 

The vector field method divides the volume into small regions. Each region is 

assigned to a particular direction (edge) in order to avoid ambiguity.  

Problem: Convex corners and edges: 

• The deeper the avatar penetrates into the object, the higher the force. If the object is too 

soft or the user applies high forces, the avatar may go to another region which is not 

associated with the originally penetrated 

surface patch  

➢ System renders an incorrect haptic 

feedback resulting in forces pulling the 

avatar out the objects instead of 

resisting the user’s action.  

11.8 Tactile Displays 
Design Challenges: 

• Plenty of information on little space (temperature, shape, touch, vibration, etc.) 

• High temporal and spatial requirements 

• Portable systems should be small and lightweight while still carrying actuation and energy 

storage 

Pneumatic displays, Vibration displays, Braille modules 

Portable temperature displays: peltier elements (small, large range), fluidic systems 

Stationary temperature displays: climatic chamber 
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11.9 Olfactory  
Olfactory perception: 100’000 odors 

Gustatory perception: 

• 4-5 tastes: sweet, salty, bitter, sour, umami 

• Influence by other senses 

Olfactory displays 
Design challenges: 

• Odors cannot be described by a reduced set of quantities, e.g. intensity and frequency 

• High number of odors 

• Fast distribution of odors, control of intensity 

12. Guest Lecture Applications I: Eye Tracking in Human-Product-

Interaction 
5 discussed applications: 

• HVAD (ventricular assist device, VAD) 

• Injection pen 

• Interface ventilation machine 

• Flow sensor  

• Bone screw 

Eye tracking glasses: 

• Scene camera (bridge between eyes) 

• Gaze tracking (lower part of glasses) →pupil movement by detection of reflection 

• Integrated microphone (on the side) 

12.1 HVAD Study 
Eye-tracking to evaluate patient training: Comparing performance of 

changing the device when the battery is empty 

If the controller breaks down, the patient has 10s before getting 

unconscious →needs to be trained 

If the alarm goes off: 

• Taking spare controller and changing pump and battery 

• 2nd alarm goes off when pump cable is plugged out 

• Very stressful situation 

The more training, the better the changing time →goal: coming close to expert level 

12.2 Injection pen study 
Testing usability during development: How do healthy people perform in using the 

pen by looking at the instructions on the app? 

3 devices: injection pen, measuring device, App (measurements and user guidance)  

Results: Animations are not clear →hands needed to give a better idea how to 

perform the steps 
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12.3 Interface ventilation machine study 
Area on interest analysis (AOI): Which features of the machine are mostly used and 

how easily can the nurses find their desired measurement?  

Applying a focus map: light spots= most attention →e.g. dynamic lung never used 

Dwell time on less important things longer than on important measurements. 

12.4 Flow sensor study 
Flow sensor controls how much drug goes in to the patient →where does the gaze go on the screen? 

Screen detection: 

1. Get initial guess from user 

2. Define search are: define outer and inner mask 

3. Line segment detection 

4. Segment lines by orientation  

5. Find center points of lines  

6. Segment lines by center coordinates  

7. Find intersections and validate  

8. Set new guess and track movement 

12.5 Bone screw project 
Eye tracking: what tools are when needed? 

Object detection by convolutional neural networks (CNN):  

• Conventional deep CNN: boundaries are a box. Even if the gaze is not 

on the pen but in the box →’gaze is on pen’ 

• Mask R-CNN: detection of the shape as boundaries →identification of 

objects and hands is possible 

➢ Each objects gets a different color 

13. Application II 

13.1 Progress in surgical procedures 
From open to minimally invasive surgery. 

Open: 

• Advantage: surgeon feels what he is doing on the organ 

• Disadvantage: scars 

 

Keyhole surgery: 

• Advantage: smaller scars, quicker recovery, less infection 

• Disadvantage: no direct sight, no touching 

• Inflating the abdomen and small tiny sticks are used to work inside the body 
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Da Vinci Surgical system 
Surgeon uses a display for better vision, has a forearm pad to reduce tremor and full dexterity by 

using a haptic interface. 

→Performs exact movements he would do by himself but each of his movement is transmitted to a 

robot who performs it. 

What the surgeon feels = Red (friction, gravity, inertia) + 

Green (reflection force)  

→Closed-loop force control for haptic simulation 

Outlook surgical robotics: 

• Endoscopic surgery through natural orifices (e.g. 

mouth)→no scars 

13.2 Diagnostic Pill 
Developing of a diagnostic pill. Consider: 

• environmental requirements: extreme pH in stomach, robust case (exchangeable) 

• human factors: usually making a device human friendly →easy to swallow 

• camera actuation (actuator type): camera orientation, light resolution 

• Integrated sensing: receptor on surface, detection of molecules, etc. 

• Control for camera orientation  

• energy transmission: battery, danger of overheating device  

• cost: should be low 

13.3 Assistive technologies for the visually impaired 
Braille display (Blindenschrift): 

• Keyboard with 2 different polarized piezoelectric plates.  

• Round-tipped pins raised through holes in a flat surface → reading text output from 

computer monitor 

The voice: 

• Glasses uses acoustic signals to represent the environment. 

• Problem: Acoustics is very important for blind people →overload must be prevented 

White cane: 

• Cane with laser reflection is scanning the environment →sensory feedback (vibration) 

➢ To get as many information as possible about obstacles with are lying in front 

• Normal white cane: navigation tool of choice for local navigation  

➢ Safety and signaling function 

➢ Limited sensing range: only on the ground 

➢ Head injury common 

Design thinking 
 

Passing process several times 
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State of the art in electronic travel aids 
Sensing: infrared, ultrasound, laser telemetry, etc. 

Feedback: auditory, vibrotactile 

Limitations: 

• Technology-driven approach vs. user-driven approach 

• Perception limits and thresholds neglected 

• White cane usage characteristics poorly investigated 

• Long training period (often taught by seeing people) 

Requirements: 

• Useful, reliable, robust 

• Light weight 

• Extension of sensing range of conventional cane (head, trunk, etc.) 

• Sensor alignment →how to align 

• Easy to interpret, non-disturbing feedback 

• Acoustic and haptic information from the environment must not be masked 

• Social acceptance 

Haptic rendering: How to transmit information? →E.g. if object is close: vibration 

• Direction of tactile flow on the cane: inward and outward are good 

• Grip type on the cane: 4 finger grip is better than 1 finger grip 

• Coding method for cane: temporal, spatial, magnitude coding 

Testing the device: 

• NASA task load index to determine mental, physical, temporal demand, performance, effort 

and frustration 

13.4 Conclusion 
Human-centered design  

• Accounting for human factors at various levels (dimensions, tissues, anatomy, physiological 

functioning, perception thresholds and limits, processing and integration, cognition, 

ergonomics)  

• Take inspiration from biology  

• iInvolvement of end-users in design process  

• Realization and testing of design and functional prototypes along the process (rapid 

prototyping)  

 


