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What is Biomedical Engineering?

system, apparatus, instruments, programs 

for

detection, therapy, supervision, prevention of diseases

and 

compensation and facilitate disabilities.
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Examples

ECG: measuring the electrical heart activities

blood pressure measurement

oxygenation of blood

wheelchair

operation theatre

...
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Repetition of Basic Knowledge

• Fourier analysis

• electric networks
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Fourier Transform
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Fourier Transform

The Fourier Transform of f(x) is defined as

This integral, which is a function of s may be written F(s). 
Transforming F(s) by the same formula, we have*

∫
∞

∞−

−= .)()( 2 dxexfsF xsi π

∫
∞

∞−

= .)()( 2 dsesFxf xsi π

*… The second transformation is not exactly the same as the first. In this form, two succesive transformations yield 
the original funcion.
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∞
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−= .)()( dxexfsF ixs ∫
∞
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2
1)( dxexfsF ixs

π

∫
∞

∞−

= .)(
2
1)( dsesFxf ixs

π ∫
∞

∞−

= .)(
2
1)( dsesFxf ixs

π

If f(x) and F(s) are a transform pair in system 1, then f(x) and F(s/2π) are a 
Transform pair in system 2…
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Box Function
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Further Examples

2/2

)( xexf −= 2/2

2)( νπν −= ef

" " x 0
f (x)

0 otherwise
∞ =⎧

= ⎨
⎩

1)( =wf
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Proof by substitution.

Delay leads to phase shift in 
Fourier space.

Function and Fourier transform.)()( kFxf ↔

)()( kFeuxf iku↔−

)()()( )( kFedwewfdxeuxf ikuuwikikx ==− +
∞

∞−

∞

∞−
∫∫

uxw −= dwdx =

Properties 

The shift property:
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Properties 

)]([)]([)]()([ xgFTbxfFTaxgbxfaFT +=+

[ ] [ ] [ ])()()()()()( xgbFTxfaFTdxexgbdxexfadxexbgxaf ikxikxikx +=+=+ −
∞

∞−

−
∞

∞−

∞

∞−

− ∫∫∫

Linearity:
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Convolution

[ ] [ ]
∫∫
∫

−⋅−=

−=⊗

dxedgxf

dgxfFTxgxfFT
ikxτττ

τττ

)()(

)()()()(

[ ] [ ] [ ])()()()( xgFTxfFTxgxfFT ⋅=⊗

substitution:
dxxd
xx
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∫ ∫
∫∫

−′−

+′−

ττ

ττ
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The convolution of two functions f(x) and g(x) is: ∫
∞

∞−

⊗=−⋅ )()()()( xgxfdxgf τττ

Proof:
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Properties 

•continuous functions •continuous functions

•periodic functions •discrete functions

•discrete functions •periodic functions

•periodic, discrete functions •periodic, discrete functions
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Fourier Transform of Differential Equation

∫∫∫
∞

∞−

∞

∞−
∂
∂
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∂
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∂
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t
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tt )()()()(

Consequence: 
- f‘: amplitude is multiplied by iω
- a differential equation becomes an algebraic 

equation in the Fourier space
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Fourier Transform of Integral Equation

∫∫ ∫∫ ∫∫
∞

∞−

∞

∞−

∞

∞−

=== ωω
ω

ωωωω ωωω deF
i

ddteFdtdeFdttf tititi )(1)()()(

Conclusion: 
- Integral: divide amplitude by iω
- an integral equation becomes an algebraic equation 

in the Fourier space. 
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Electric Networks

Electric Networks
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Electric Measurement Variables 

potential

dt
dQI =

12 φφ −=U

voltage U
- measured between two points
- each point has a potential (like height of 

mountain)
- difference between both potentials = 

voltage

current I
- charge transport along a wire
- = charge/time

A
LR ρ

=

Ohm resistance
ρ: specific resistance, 
L: length, 
A: cross section 

A L
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Capacitor

0 dielectric

0

dielectric

AC
d

:  constant
:  dielectricity of material between plates

A: cross section
d: distance between plates

= ε ε

ε
ε d

d
UE =

plate capacitor

electric field

force

E
x
∂φ

= −
∂

F qE=

U
QC =
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Coil

dt
dIL

dt
dIAln

dt
dNU

dt
dIAn

dt
d

AInBA
InB

m
ind

m

m

−=⋅⋅⋅⋅=
Φ

⋅−=

⋅⋅⋅=
Φ

⋅⋅⋅==Φ
⋅⋅=

2
0

0

0

0

μ

μ

μ
μ

N: windings, N=nl
µ: permeability (material constant)

radius r

cross section A

l

VnL ⋅= ⋅
2

0μ

RUPRECHT-KARLS-
UNIVERSITY HEIDELBERG

Computer Assisted Clinical Medicine
Patrick Heiler

11/25/2011 | Page 20
Kirchhoff Rules

mesh rule

- the sum of all voltages in a closed loop is 0
Imagine walking around a mountain. 
Round trip ends at the same height, i.e. 
sum of heights over the way = 0.

node rule

- the sum of all currents in a node is 0
the sum of charged particles coming in = 
sum of particles leaving

-U1-U2+U3-U4+U5=0
U1

U2

U3

U4

U5

-I1+I2-I3-I4+I5=0 I1
I2

I3
I4

I5
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Voltage Divider

Uq

R1, U1

I

R2 U2

mesh rule: Uq = U1+U2

voltage source

2 2 2 2

q 1 2 1 2 1 2

U U U / I R
U U U U / I U / I R R

= = =
+ + +
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Current Divider

2 2 2 2

q 1 2 1 2 1 2

I I I / U 1/ R
I I I I / U I / U 1/ R 1/ R
= = =

+ + +

node rule: Iq=I1+I2

Iq
U

I1 I2

R1

R2

UUU == 21
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Alternating current

tIUIUPel ω2
00 cos=⋅=

tUtU ωcos)( 0 ⋅=

An AC voltage 

which is applied to a resistance R causes a AC current

Power:

tItI ωcos)( 0 ⋅= .

00

0

2
00

2
1cos1 IUdttIU

T
P

T

el == ∫ ω
2

,
2

00 IIUU effeff ==
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Inductivity

tI

t
L

Utdt
L

UI

dt
dILtU

UU inda

ω

ω
ω

ω

ω

sin

sincos

,cos

0

0

00

0

⋅=

==

=

=+

∫

⋅

L
I
URL ⋅== ω

0

0
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Capacity

.11 I
Cdt

dQ
Cdt

dU
C
QU

⋅==

=

tI
tUCI

ω
ωω

sin
sin

0

0

⋅

⋅

−=
⋅−=

CI
URC

ω
1

0

0
==
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Impedance

ωi
I

C
U

dtI
CC

QU
~1~

1

=⇒

== ∫

example: capacity

CiI
U

I
UZ

ω
1

~
~
===

example: inductivity

[ ] [ ]IFTIUFTU ==
~,~

Li
I
U

I
UZ

IiLU
dt
dILU

ω

ω

===

⋅=

=

~
~

~~

Z=U/I is a complex value if L or C is in network

assume
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Ohm/Capacitive/Inductive Resistance

Ci
Z

ω
1

=

LiZ ω=

Ohm resistance

- the Ohm resistance is constant over time and defined by
Z = U/ I 

capacitive resistance

- from the definition we have the capacitive resistance

inductive resistance

- from the definition we have the inductive resistance
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Resistance Networks

Ci
LiRZ

ω
ω

++=
111

description of differential equations

- example: sequence of Ohm, capacitive, and 
inductive resistor in series

- example: Ohm, capacitive, and inductive resistor in 
parallel

ILiI
Ci

RIU ⋅++= ω
ω
1
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Example

U

C

R

R
Cj

Z +=
ω
1

RII
Cj

U +=
ω
1mesh rule:
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Important

definition of Fourier Transform and its main 
properties: 

- linearity, convolution theorem, differential and 
integral equations in the Fourier space

electrical measurement values
- voltage, current, power, different impedance: Ohm, 

Capacitor, Inductivity (+their symbols), symbols for 
current or voltage sources

- Kirchhoff rules (node and mesh rule) and being able 
to apply them to different electronic circuits
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Overview

Fluid Parameters: Pressure, Flow

Fluids in Motion

Flow of Fluids in Tubes

Blood Pressure

Measurement of Blood Pressure

Pressure Sensor
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[N/m2]p=F/APressure

[m/s]Velocity

[K]TTemperature

[kg/m3]ρ=m/VDensity:

SI unitFormula/Symbolparameter

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
==

w
v
u

dt
d sv

Fluid Parameters
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Pressure Conversion Factors

10.07359.819.86 x 10-5mm H2O

13.611330.00132mm Hg

0.1020.007519.87 x 10-6N/m2 = Pa

103007601.01 x 1051Atmosphere

mm H2Omm HgN/m2 = PaAtmosphere
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Pressure in the Body
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Static Pressure

dV
x
pdydzdx

x
ppdydzpFx

∂
∂

−=⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

+−⋅= dV
z
pFdV

y
pF zy

∂
∂

−=
∂
∂

−= ,

pstat = F/A;
F

A

H
V

dVpgradF ⋅−=
r
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Hydrostatic Pressure

Hgdzgp
H

atm ⋅⋅=⋅⋅= ∫ ρρ
0

)0(

)()( hHgdzghp
H

h

atm −⋅=⋅⋅= ∫ ρρ

dzgdpdVgdF ⋅⋅=⇒⋅⋅= ρρ ,

F
A

H
V

Force of Gravity of volume element dV: 

pressure on ground element da:

hydrostatic pressure distribution:    
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Flow

v1, A1 v2, A2
flow: Q = dV/dt = Av

dV = A ds = A v dt

incompressible flow

continuity law: Q = v1 A1 = v2 A2 = const

general case: Q = V1 A1 + Qsource – Qdrain
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Bernoulli-Equation

11111111 VpxApxFW =Δ=Δ=Δ

222 VpW =Δ

VvmvEkin
22

2
1

2
1 ρ==

Potential Energy:

Kinetic Energy:

2
2

221
2

11
2
1

2
1 VvVpVvVp ρρ +=+

.
2
1

2
1 2

2
2

1 constvpvp =+=+ ρρ

Conservation of Energy:



20

Seite 20

RUPRECHT-KARLS-
UNIVERSITY HEIDELBERG

Computer Assisted Clinical Medicine
Patrick Heiler

11/25/2011 | Page 39
Fluids in Motion I

A

v(r)

Fr

liquid
dr
dvAFF ⋅=η

η ... viscosity ⎥⎦
⎤

⎢⎣
⎡

2m
NS

Examples:

1.55mercury
1480glycerin
approx. 3-5blood
1.002water
η [mNs/m2]=[mPas]fluid

T = 20°
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Fluids in Motion II

laminar current: frictional force > accelerating Force 

otherwise formation of turbulences possible (where velocity gradient is strong)

distinction: Reynolds number:

• laminar flow: Re < 2300
• transient: 2300 < Re < 4000 
• turbulent flow:        Re > 4000

η
ρ Dv ⋅⋅

=Re D ... characteristic length
... tube diameter
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Flow of Fluids in Tubes I

Due to symmetry the velocity of the current is only 
depended on the distance to the axis!

Frictional force and resulting pressure force on 
the end surfaces are in equilibrium.

p1

p2p2

pF Fppr
dr
dvrLF =−=⋅= )(2 21

2πηπ

r
L
pp

dr
dv

η2
21−

=

)(
42

)( 222121 rR
L
ppCrdr

L
pprv

R

r

−⋅
−

=+
−

= ∫ ηη
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Flow of Fluids in Tubes II

Flow:

L
ppR

L
ppR

L
ppR

drrR
L

ppr

rdrrvdArvQ

R

R R

η
π

η
π

η
π

η
π

π

8
)(

8
)(

4
)(

)(
4

)(2

2)()(

21

2121

21

4

44

22

0

0 0

−
=

−
−

−
=

−
−

=

==

∫

∫ ∫

Poiseuille´s equation

Resistance:
4

12 8
RLQ

ppK
π
η

=
−

=


