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Abstract:

This seminar focuses on modern methods for designing and 
manufacturing microspeakers and other small, light and cost-
effective loudspeakers reproducing the sound at high efficiency and 
sufficient sound quality as required in telecommunication, 
automotive, multi-media and other professional applications. The 
seminar gives an overview on physical modeling of loudspeakers in 
the large signal domain which is necessary to explain the 
relationship between geometry and the properties of the materials 
on the one side and the transfer behavior and the performance on
the other side. Meaningful loudspeaker parameters (T/S, nonlinear 
and thermal) and other specifications (amplitude response, 
directivity, power) are discussed which allow a comprehensive 
description of the transducer. Prof. Klippel addresses the 
fundamentals of loudspeaker diagnostics which is important to 
interpret the measurement results and to localize the causes of the 
defects and to develop alternative design choices. 
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Questions addressed Questions addressed in in the the Seminar:Seminar:

How to get the desired frequency response and directivity pattern?
How to find the optimal geometry of the cone?
•How to measure the power handling?
•How to perform meaningful measurements in the large signal domain?
•How to find the optimal size of voice coil in the gap? 
•Which loudspeaker nonlinearities are desired?
•How to get maximal power handling and acoustical output?
•How to get maximal bass out of a small enclosure? 
•How to measure the power handling? 
•What is a good and what is a bad speaker?
How to select an optimal driver for loudspeaker system design?
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ཆᜢᕴऱᚨشଏਕઃਢཆᜢᕴऱᚨشଏਕઃਢ
LoudspeakersLoudspeakers are everywhereare everywhere

• ش߫ Cars 

• ֫ᖲ Cellular phones

• ᧯ʿʳሽᆰڍ Multimedia, Computers

• ᦫܗ Hearing aids

• ୮س٦شଃ Home hifi reproduction

• റᄐଃ Professional audio

• ᕳଃ൳ࠫ Active noise control

• …
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זཆᜢᕴ္ޣזཆᜢᕴ္ޣ
RequirementsRequirements on Modern on Modern LoudspeakersLoudspeakers

• ՛᧯ᗨ Small dimensions 

• ᎘ၦ֏ Low weight 

• ءګ܅ Low cost

• ᙁ؈܅נటHigh output at low distortion

• ່Օய Maximal efficiency

Æ֗٦Օᜢԫࠄ “Loud“speakers are required
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ᓰ࿓ڜඈᓰ࿓ڜඈ
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Θ ՛ॾᇆᑓী Ω ᓰ
• Small Signal Modeling – Lecture
Θ ։࣫՛ॾᇆሎ܂ Ω ኔ܂
• Assessing Small Signal Performance - Practical Workshop

Օॾᇆᑓী Ω ᓰ
• Large Signal Modeling  – Lecture
Θ ։࣫Օॾᇆሎ܂ Ω ኔ܂
• Assessing Large Signal Performance  - Practical Workshop

լߜཆᜢᕴऱᛀྒྷ Ω ᓰ
• Detection of Defective Speakers - Lecture
Θ ಘᓵழၴ
• Discussion
Θ ᜔
• Summary
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㓻⭿⣷㓻⭿⣷ -- ₹┷㊐侊兮₹┷㊐侊兮
LoudspeakerLoudspeaker -- a a dynamicdynamic systemsystem

Cone break up

㖾含⒕孑扟┷

Length of sound wave㖾┷㽱栎

30 cm 15 mm3 m

Resonance

␀㖾

Frequency 㖾┷欠䘖

1 kHz 20 kHz100 Hz1 Hz

Creep

媤┷♧▥

Time constant 㢅梃デ㟿

1 ms 0.05ms10 ms1 s1 h

heat transfer

䍼↯⺋

lumped model useful  CRL楕⚗㲰㆞
distributed model required ⒕㟲㲰㆞

Audio band 檂欠喒⦃

www.klippel.deՕᜢᚘᙁנऱՕᜢᚘᙁנऱ՛ীཆᜢᕴ՛ীཆᜢᕴ BBig Sound from Small Speakers, 8

ᦀ೯ߓอ֗ᣬߓٶอऱૠᦀ೯ߓอ֗ᣬߓٶอऱૠ
Motor and Suspension DesignMotor and Suspension Design

VibrationMotor Radiation

F X(r)

soundfield
u

VibrationMotor Radiation

F

V

X(r)

F(r)

soundfield
u

inner 
cone 
edge

Cone‘s 
surface

FEA BEA

ᓀٽԺ䝤ˀ㥔䝤։࣫
Coupled

Mechanic-acoustical 
analysis

䪰伌ڇشࠌ
ႃխ㧬䀀ᑓী

խ
Admittance 
Y(f) used in 

lumped 
parameter 

model

Material
parameters geometry
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Equivalent Equivalent Circuit Circuit of a of a drive unitdrive unit
ᦀ೯ᕴऱயሽሁ

Impedance Impedance Type Type AnalogyAnalogy ((FuFu) ) ᒵࢤॴݼী

Electrical domain ሽ Mechanical domain ᖲඳ

MmsCms(f) Rms

Bl

Re

v
I

Blv BliU

ZL(jZ)

Electrical dc
Resistance

ሽऴੌॴݼ

Impedance describing 
Lossy inductance

Force factor ᦀ೯ڂ

Mechanical 
Losses

ᖲඳ౨ऱჾ

Moving mass ೯ᔆၦ

compliance

Voltage

current

Back EMF Driving force
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Linear Linear Lumped ParamtersLumped Paramtersᒵࢤႃխᑇᒵࢤႃխᑇ
Basic parameters ഗءᑇ:
• dc resistance Re  ऴੌॴݼ
• Voice coil Inductance Le (+ additional parameters   
describing impedance at higher frequencies)
• Moving mass Mms (with air load) ೯ᔆၦʻ़ܶᚮ ʼ
• Force factor Bl ᦀ೯ڂ
• Mechanical resistance Rms ᖲඳॴݼ
• Stiffness Kms of the suspension at fs 
ᣬߓٶอ٥ڇ᙮រऱଶߓࢤᑇ

• Vicsco-elastic stiffness parameters („creep factor lambda“)
• Effective Radiation Area SD ڶய೯૿ᗨ

Derived Parameters (Thiele/Small) ᒵࢤᑇ ( T/S ):
• Resonance frequency fs ٥᙮
• Electrical Q-factor Qes ሽᕴॴߓ؍ᑇ
• Mechanical Q factor Qms ᖲඳॴߓ؍ᑇ
• Total Q-factor Qts ᜔ॴߓ؍ᑇ
• Equivalent box volume Vasof mechanical stiffness
ᖲඳଶࢤऱய೯୲ᗨ

• Pass-band sensitity อᨋඕ৫ߓ

ImportantImportant
ૹᑇ

Time Time varyingvarying
ᙟழၴۖޏ᧢ऱႈؾ
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• Discrepancy to traditional 
modeling ፖႚอᑓীઌฆ

• compliance increases for f << fs
ףᏺࢤՀਫႉא٥᙮រڇ

• Creep model implemented in LPM
ᑨ᧢ᑨ᧢ᑓীڇ LPM Հऱᚨش
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MmsCms(f) Rms

Bl
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v
I

Blv BliU

ZL(jZ)

Creep Factor Creep Factor O�O�ᑨ᧢ڂ
visco visco elastic behavior elastic behavior ((creepcreep) of ) of thethe suspensionsuspension at at low frequencieslow frequencies

ڤอऱយᐘ۩ᑓߓ᙮೯܅ڇ
very important for 

microspeakers
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Identification of Mechanical ParametersIdentification of Mechanical Parameters
ᆠᖲඳᑇࡳᆠᖲඳᑇࡳ

• Requires second measurement with additional 
mass or enclosure
Ꮑ܂ॵףᔆၦࢨբव୲ᗨԲڻऱྒྷၦ

• Based on impedance measurement
ഗ࣍ॴݼऱྒྷၦ

• No mechanical sensor required
լᏁᖲඳტྒྷᕴ

• Time consuming
ለ၄ழ

• Problems with mass attachment, box leakage
ᅝᔆၦॵףՂࢨװਢଃᒣዥழঞྒྷڶ
ၦംᠲ࿇س

• Requires mechanical (acoustical) sensor 
(e.g. Laser) Ꮑԫଡტྒྷᕴ ʻሼ୴ೠྒྷʼ

• Only one measurement (fast)
ڻᏁྒྷၦԫ ʻʳݶຒྒྷၦ ʼ

• Driver in free air or in enclosure 
ໞ᧯ױᆜࢨၴ़ط۞࣍ਢଃᒣ

• Reliable and reproducible data
ૹऱᇷறױॾᘸ֗ױ

• Can be applied to tweeters ଃՈྒྷױ

Direct Measurement of a Direct Measurement of a 
Mechanical SignalMechanical Signal
ऴ൷ྒྷၦᖲඳॾᇆ

Known Perturbation Known Perturbation 
of Mechanical Systemof Mechanical System

բवᖲඳߓ
(traditional technique (traditional technique ႚอઝݾႚอઝݾ))

We need more information about We need more information about 
the mechanical systemthe mechanical system
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Perturbation methodPerturbation method: : SealedSealed Test BoxTest Box
ྒྷᇢֱऄྒྷᇢֱऄ11ˍʳˍʳയຨྒྷᇢଃᒣയຨྒྷᇢଃᒣ

Pro ᚌរ :
Simple technique ១ऱྒྷᇢݾ
Cms is measured primarily 
բ٣ྒྷ᧯ऱਫႉࢤ

Problems រ:
• Depends highly on precise value
of effective radiation area Sd
Ꮑڶጲᄷऱڶய೯૿ᗨᑇᖕ
• Residual air volume (inside the 
transducer) can not be considered
ྤऄەᐞᒣփऱ़୲ᗨ
• requires sealed diaphragm 
ؘႊਢയຨऱᓂૠ
• can not be used to measure 
mechanical mass without air load
ૉྤ़ሉʿʳྤऄྒྷᖲඳૹၦ
•Time consuming
ለक़၄ழၴ
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Perturbation methodPerturbation method: : Added MassAdded Mass
ྒྷᇢֱऄྒྷᇢֱऄ22ˍʳˍʳॵףᔆၦॵףᔆၦ

Proᚌរ:
Simple technique ១ऱྒྷᇢݾ
Mms is measured primarily
բ٣ྒྷ᧯ऱڶய೯ᔆၦ

Problems រ: :
• can not be applied to tweeter and 
microspeakers
ྤऄڼشࠌऄྒྷၦଃ֗პীໞ
•Time consuming ለक़၄ழၴ
• Mechanical Resistance or 
stiffness are assumed as 
frequency independent parameters
ᖲඳॴࢨݼਢଶီࢤᗑمऱ᙮
ᑇ



www.klippel.deՕᜢᚘᙁנऱՕᜢᚘᙁנऱ՛ীཆᜢᕴ՛ীཆᜢᕴ BBig Sound from Small Speakers, 15

Laser Laser TechniqueTechnique
ሼ୴ᖿ٠ྒྷᇢݾሼ୴ᖿ٠ྒྷᇢݾ

Pro ᚌរ:
• Fast (one step technique) ྒྷၦݶຒ
• Simple to use شࠌ១
• Bl is measured primarily 

٣ྒྷಱൎ৫
• Most precise results ྒྷᇢጲᄷ
• Can be applied to most transducers

ՕຝٝऱཆᜢᕴྒྷၦՂڇشױ

Problems រ:
• Optical problems (angle, surface)

٠ᖂՂᏁ֗ߡီױڶ।૿֘୴
• Coil displacement is not 

axialsymmetrical
ᒵഎऱۯฝࠀլਢၗኙጠ
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MeasurementMeasurement in in air orair or in in vacuumvacuum ??
ట़ᝫਢ़խྒྷၦڇట़ᝫਢ़խྒྷၦڇ

In Air
Mms and Cms consider air load
Æ Useful input for system design

ய೯ᔆၦڶԫ़խʿʳڇ
֗᧯ਫႉࢤᏁەᐞ़ऱॵ
ሉˁʳ৬ᤜߓڇشࠌอऱૠ

In vacuum
Mms and Cms consider mechanical elements only
Æ Useful for driver design and comparison with 

the weight of the loudspeaker parts

ࢤய೯ᔆၦ֗ਫႉڶᐞەᏁట़խၦྒྷʿʳڇ
ऱᖲඳցైˁʳ৬ᤜڇشࠌ᧯ૠֺ֗ለ᧯ሿ
ٙऱޗᔆૹၦ
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Effective Radiation Area SEffective Radiation Area Sddڶய೯૿ᗨ

DefinitionDefinitionࡳᆠ

x

dSrx

x
V

S S
d '

 
'
'

 
³ )(

³

³
 '

C

C

dr

drrx
x

)(

Mean voice coil displacement
ؓ݁ଃഎۯฝၦ

displacement air volume
ய़୲ᗨऱۯฝၦ

Real surface area S ኔᎾ।૿ᗨ

very important for 

microspeakers
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HowHow to to Measure Radiation Area SMeasure Radiation Area Sdd ??
Pistophone Pistophone technique technique ۶ྒྷڕڶய೯૿ᗨ۶ྒྷڕڶய೯૿ᗨ

x
p

p
VSd N0

0 

adiabatic 
coefficient N

closed volume V0

static air pressure p0.

Sound pressure p 

Displacement x 

Laser

Microphone

See KLIPPEL
Application 
note AN32



www.klippel.deՕᜢᚘᙁנऱՕᜢᚘᙁנऱ՛ীཆᜢᕴ՛ীཆᜢᕴ BBig Sound from Small Speakers, 19

HowHow to to Measure Radiation Area SMeasure Radiation Area Sdd ??
Differential Differential methodmethod ((sophisticatedsophisticated, , preciseprecise) ) 

ฆ֏ऄ۶ྒྷڕڶய೯૿ᗨฆ֏ऄ۶ྒྷڕڶய೯૿ᗨ ʻ̒ለᜣࣔ֗ጲᄷऱֱऄለᜣࣔ֗ጲᄷऱֱऄʼ̓

adiabatic 
coefficient N

Difference volume 'V

static air pressure p0. ¸̧
¹

·
¨̈
©

§
�

'
 

1

1

2

2
0 p

x
p
xp

VSd
N

Sound pressure
p1

Sound pressure
p2

Displacement  
x2

Displacement  
x1

syringe (medical injection pump See KLIPPEL
Application 
note AN32
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ሼ୴ൿጒݾ۶ྒྷڕڶய೯૿ᗨሼ୴ൿጒݾ۶ྒྷڕڶய೯૿ᗨ
ʻ̒ጲᄷ٤۞೯ऱֱऄጲᄷ٤۞೯ऱֱऄʼ̓

HowHow to to Measure Radiation Area SMeasure Radiation Area Sdd ??
Laser Scanner Laser Scanner TechniqueTechnique ((preciseprecise, robust), robust)

Integration of x on curve C 

x

dSrx

x
V

S S
d '

 
'
'

 
³ )(

³

³
 '

C

C

dr

drrx
x

)(

C

Under klippel development
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HowHow to to Measure Radiation Area SMeasure Radiation Area Sdd ??
Precise TechniquePrecise Technique III (III (usingusing Laser Scanner )Laser Scanner )

woofer

headphone

microspeaker
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Why isWhy is a a precise measurementprecise measurement of of SSdd importantimportant ??
۶ጲᄷၦྒྷڶய೯૿ᗨڼڕૹ۶ጲᄷၦྒྷڶய೯૿ᗨڼڕૹ??

Effective Radiation Area Sd  ڶய೯૿ᗨSd

• determines the acoustical output
Æ sensitivity, efficiency 

ऱᨋඕ৫֗யנሽᜢᙁࡳެ

• affects the precision of the parameter measurement if the
test box perturbation technique is used

Æ Moving mass Mms, force factor Bl and stiffness values Kms, 
compliance Cms 
բवྒྷᇢଃᒣऄխʿʳᄎᐙᑇڇ Mms, BL, Kms, Cms ྒྷၦऱᄷᒔࢤ
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Effective Coil Effective Coil VibrationVibration
Averaged Averaged Transfer Transfer Function between Displacement Function between Displacement and and VoltageVoltage

o
Point 1

o

Point 2

o

Point 3

KLIPPEL
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103 104

Magnitude Transfer Function Hx(f)=X(r,f)/U(f)

1 2 3

Laser Measurement 
gives three different 
transfer functions

Fitting of 
Mechanical 
Parameters

KLIPPEL

-410

-310

-210

-110

103 104

averaged Hx(f) 

m
m

/V

f [Hz]

averaged Hx

Displacement 
averaged over 

voice coil 
circumference

differences
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㓻⭿⣷㓻⭿⣷ -- ₹┷㊐侊兮₹┷㊐侊兮
LoudspeakerLoudspeaker -- a a dynamicdynamic systemsystem

Cone break up

㖾含⒕孑扟┷

Length of sound wave㖾┷㽱栎

30 cm 15 mm3 m

Resonance

␀㖾

Frequency 㖾┷欠䘖

1 kHz 20 kHz100 Hz1 Hz

Creep

媤┷♧▥

Time constant 㢅梃デ㟿

1 ms 0.05ms10 ms1 s1 h

heat transfer

䍼↯⺋

lumped model useful  CRL楕⚗㲰㆞
distributed model required ⒕㟲㲰㆞

Audio band 檂欠喒⦃
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ྒྷၦྒྷၦཆᜢᕴೠᙑऱഗ៕ཆᜢᕴೠᙑऱഗ៕
Measurements are the basis for loudspeaker diagnosticsMeasurements are the basis for loudspeaker diagnostics

VibrationMotor Radiation

F

V

X(r)

F(r)

soundfield

u
near
field

far
field

inner 
cone 
edge

Cone‘s 
surface

Cone Vibration
+ Geometry

ᓂᔼ೯ፖ༓۶ݮण

Distributed  Parameters ։ؒᑇ

ሽྒྷၦElectrical 
Measurement

Ze(f)=U(f)/I(f)

Lumped  Parameters
ႃխᑇ

electricalelectrical

ԺྒྷၦMechanical 
Measurement

Hx(f)=X(f)/U(f)

mechanicalmechanical

Far Field 
Response 
᙮㫠

ᜢྒྷၦAcoustical
Measurement
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Cone Scanning TechniquesCone Scanning Techniquesᓂൿ༴ݾᓂൿ༴ݾ

Doppler Doppler InterferometryInterferometry
ཏ೬ե௫ᖿ٠ൿ༴ޙཏ೬ե௫ᖿ٠ൿ༴ޙ

((PolytechPolytech, 1995), 1995)

Frankort Frankort 19781978

OlsonOlson, 1950, 1950
Triangulation Triangulation Laser ScannerLaser Scanner

Կྒྷߡၦᖿ٠ൿ༴ᏚԿྒྷߡၦᖿ٠ൿ༴Ꮪ
(Klippel, 2007)(Klippel, 2007)

Geometry༓۶ݮण

Displacementۯฝ

Velocity destribution on the cone
ᙗ᧯ຒ։ؒ

Intensityൎ৫

Amplitude+ phase 
༏+ઌۯ

Amplitude༏
Amplitude༏
+ phase ઌۯ

+ geometry ༓۶ݮण
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㓻⭿⣷幍帰䤓㠿ぴ␆㓻⭿⣷幍帰䤓㠿ぴ␆
New Tools New Tools forfor Loudspeaker DesignLoudspeaker Design

懾ↅ⒕㨟 Analyzer Software
• 㖾含㖾┷扟┷♾展▥

Visualization of cone 
vibration

• 戢⒉⭿☚䤓欓㿚 Prediction
of sound pressure output

• 㖖⚠㊶ Directivity
• ♾⒕屲 Decomposition

㓺㙞幍 Scanner Hardware
• 咃┪ℝ㓻⭿⣷幍帰

Dedicated to loudspeakers
• 兞㿝䤓ↆ㫋 Price effective
• 㓺㙞⑯⇤ㇱ䕅Scanning 

geometry
• 㦃⮩␅⸒䤓ㄣ䞷 Many 

other applications
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z

phi

r

㓺㙞侊兮 SCN
Scanning 
System

㓺㙞扖䲚⅝⮥冧ⱚ抟䂟⚠摛㘷扪
The scanning starts at the outside 

rim and proceeds inwards㧉㬿㓺㙞侊兮サ₹懻┷✛ℛ₹兎㊶咃┷⣷
Mechanical scanning system with one 

rotational (ĳ) and two linear actuators (r, z)

呹┷▥㓺㙞扖䲚
Automatic Scanning Process



www.klippel.deՕᜢᚘᙁנऱՕᜢᚘᙁנऱ՛ীཆᜢᕴ՛ীཆᜢᕴ BBig Sound from Small Speakers, 29

㓺㙞㲰㆞㓺㙞㲰㆞
Scanning ModesScanning Modes

ⓥ槱㓺㙞 Profile Scan 㘱侱㓺㙞 Explore Scan 幵兕㓺㙞 Detailed Scan

8 min 8 hours

㓺㙞㢅梃 Scanning Time

1 hour

㦘䥙ℝ Good for
• 戟⺓⅔⺈ℝ戃⺈䱿
⑯⇤ㇱ䕅
Radiation of 
axial-symmetrical
Geometries only

㦘䥙ℝ Good for
• 戟⺓㓏㦘㖾含

Radiation all cones
• 㛖㛕㲰㆞ Rocking modes

㦘䥙ℝ Good for 
• ₜ屓⒨㊶ Irregularities
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ⓥ槱㓺㙞㢾㈗㦘䞷䤓ⓥ槱㓺㙞㢾㈗㦘䞷䤓
A A Profile Profile ScanScan is already usefulis already useful !!

ⓥ槱㓺㙞 Profile Scan 幵兕㓺㙞 Detailed Scan

8 ⒕朮 8 min 8 ⺞㢅 8 hours
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㿚摞⑯⇤ㇱ䕅㿚摞⑯⇤ㇱ䕅
MeasurementMeasurement of of GeometryGeometry

• 浧位䫽㊶ High Precision 
< 10 Pm for 0 < z< 300 mm
< 2.5 Pm for –5 mm < z < 5 mm 

• ♛㦘␂勣㿚摞 Dual Measurement 
with correlation

• 呹┷㭏㿚⏘ⷵ幾ぽ Automatic 
detection of optical errors

• 㔴⛙ⅴデ屐㫋㆞戢⒉ Export in 
common formats 
(Ⱁ such as *.txt, *.dxf)
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ₘ冃┷䟊 3D Animation 㲹㠼槱ⓙ Cross-sectional Cut

㖾ピ⒕を Amplitude Distribution

㖾┷㟿㗽♾展▥㖾┷㟿㗽♾展▥
VisualizationVisualization of Vibration Dataof Vibration Data

䦇⇜⒕を Phase Distribution
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ຌ᧯։࣫ຌ᧯։࣫
Analysis SoftwareAnalysis Software

Tasks:ٚ೭

• Detect and suppress errors ೠྒྷ֗྇֟ᙑᎄ

• Animate vibration ፹ທ೯

• Make interpretation simpler ១֏ᇭᤩ

• Enhance information which are important for 
design ᇖൎૠऱૹᇷಛ

• Predict sound pressure output ቃྒྷᙁנଃᚘ
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೯ᘿ୴։࣫Ꮑᓤᑇ೯ᇷறፖ༓۶ݮण೯ᘿ୴։࣫Ꮑᓤᑇ೯ᇷறፖ༓۶ݮण
Vibration and Radiation DiagnosticsVibration and Radiation Diagnostics needs complex vibration data + cone geometryneeds complex vibration data + cone geometry

Drive Unitց
(woofer, tweeter, ...)

Geometryݮण

Vibration೯

ᜢࢤ Acoustical 
Characteristics
(᙮,ਐפ,ࢤٻ)
(SPL, directivity, power,...)

։࣫
ANALYSIS

ᖲዌޏऱਐᑑ
Indications for 
mechanical improvement

Ժࢤ Mechanical 
Characteristics (AAL)

ᜢޏऱਐᑑ
Indications for 
acoustical improvement

ኬ೯࣋Օ࣋ኬ೯࣋Օ࣋
Visual Visual 

AnimationAnimation

 3937,5 Hz 

ᑓኪፖ։ᇞ։࣫
Modal & Decomposition
Analysis
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ᛀᓂऱ೯ᛀᓂऱ೯
Checking ConeChecking Cone VibrationVibration

• ജऱ೯༏ԱႯΛߩڶଚᖑݺ

Do we have enough vibrational amplitude ?
• Λڤ։ါᑓנᓂऱୌԫଡຝ։່٣ڇ

On which cone part first break-up modes occur ?
• ։ါᑓิਢܡດז࠷ޡႾሎ೯ᑓڤΛ

Does the break-up modes gradually replace the piston
mode ?

• ᑓิԱႯΛڴᦛࡉᓂ೯ᑓิڶଚݺ

Do we have membran or bending modes ?
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ีᗨऱףຒ࿓৫
Accumulated Accumulated Acceleration LevelAcceleration Level

dB
p
rja

rAAL
o
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Total sound Pressure levelRigid body modes

KLIPPEL

30

40

50

60

70

80

90

100 1000 10000

SP
L 

[d
B]

f [Hz]

Acceleration Level

c
S ca

c
aa dS

rr

rjX
rja

c

³ �
 

),(

2
),( 0

2 Z

S
UZZ

Weighted Sum of 
the accelaration 

amplitude
ᦞ᜔ףຒ༏ऱף

ٽ



www.klippel.deՕᜢᚘᙁנऱՕᜢᚘᙁנऱ՛ীཆᜢᕴ՛ীཆᜢᕴ BBig Sound from Small Speakers, 37

KLIPPEL

50

55

60

65

70

75

80

85

90

100 1000 10000

AA
L

[d
B]

f [Hz]

Acceleration Level

positive 
value

8296,9 Hz

 11109,4 Hz

 13312,5 Hz

 16289,1 Hz

۶ച۩ᑓী։࣫ڕ
HowHow to to perform perform modal modal analysis analysis ??

� �¦ ³
f

 ���
 

0
2

2
0

)(

//12
)(

i
c

S ca

ci

iii

a dS
rr

r

j
ja

c

\

ZZZZK
Z

S
UZ

Search for maxima in accumulated acceleration
Օଖ່ބຒሎ೯խףᗨऱีڇ

10 !K 5.01  K 01.02 �K
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Ⱁ⇤Ⱁ⇤مࡳᘿ୴᧯مࡳᘿ୴᧯??
HowHow to to Specify the Specify the Radiator ?Radiator ?

枴⇢᧨枴⇢᧨含✛含✛ᣬᢰᣬᢰ ConeCone, , DiaphragmDiaphragm and and SurroundSurround

Total sound Pressure levelRigid body modes

KLIPPEL

30

40

50

60

70

80

90

100 1000 10000

SP
L 

[d
B]

f [Hz]

Acceleration Level

8296,9 Hz

 11109,4 Hz

loss factor

 13312,5 Hz

Modal Modal loss factor loss factor KKii of of 
each each mode imode ithth--mode mode withwith
i=1,2,...i=1,2,...

Natural frequencyNatural frequency ffii of of 
thethe iithth--mode mode withwith
i=1,2,...i=1,2,...

Natural FuncitonNatural Funciton <<ii ((rrcc)of )of 
eacheach mode imode ithth--mode mode withwith
i=1,2,...i=1,2,...

㧟㠨䤓㧟㠨䤓YoungYoung‘‘ss侊㟿侊㟿
YoungYoung‘‘s E s E ModulusModulus of of 
the the materialmaterial

㧟㠨䤓㧟㠨䤓ჾڂᑇჾڂᑇ
LossLoss factor factor of of the the 
materialmaterial

ᘿ୴᧯ᘿ୴᧯䤓兢㨓䤓兢㨓((⮥ㇱ᧨☩ㄵ⮥ㇱ᧨☩ㄵ))
GeometryGeometry of of the the Radiator Radiator 
((shapeshape, , thicknessthickness, ..), ..)
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ؓࡖᨋඕ৫ᚨڴᒵؓࡖᨋඕ৫ᚨڴᒵ?? ??ၗ? ? ೣၗೣၗإၗإ
SmoothSmooth SPL Response ?SPL Response ?

Woofer A with paper cone

Woofer B with magnesium cone

Woofer C with flat radiator
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ᙗઇऱ೯ߩജႯᙗઇऱ೯ߩജႯ??
Sufficient ConeSufficient Cone Vibration ?Vibration ?

KLIPPEL
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65

70

75

80

102 103

S
P

L 
[d

B
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Total SPL

acceleration level

Woofer A with paper cone ઇ܅ଃ:
Æ low Q factor of cone resonances
ᑇڂ؍ॴ܅
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acceleration level Woofer B with magnesium cone: ᔱઇ܅ଃ
Æ natural modes cause high peaks in SPL 
ຏൄ᙮ڶଖ
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Woofer C with flat radiator ؓࣨ܅ଃ
Æ dips are not visible in AAL 
Æ AAL cause peak at 0.8 kHz
ߠ࣐լߣ܅ຒऱף
ڇຒף 800 Hz ழڶԫଡଖ
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˒˒Ⴏ؍ജऱॴߩڶᔆޗႯ؍ജऱॴߩڶᔆޗ
Sufficient DampingSufficient Damping of of thethe Material ?Material ?

ΓΓ WooferWoofer C C with flat radiatorwith flat radiator

65

70

75

80

85

90

102 103 104

Total Acceleration Level

AC
C

 [d
B]

Frequency [Hz]

1.0
840
80

| 
�

 ��

i

ii
i f

ffK Æ Increase loss factor of material

Read 3dB bandwidth in AAL
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??؍ॴף۶ᏺڇ؍ॴף۶ᏺڇ
WhereWhere to to applyapply additional additional dampingdamping ??

wwooferoofer C C with flat radiatorwith flat radiator

 820,3 Hz  12398,4 Hz

65

70

75

80

85

90

102 103 104

Total Acceleration Level

A
C

C
 [d

B
]

Frequency [Hz]
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??؍ॴף۶ᏺڇ؍ॴף۶ᏺڇ
WhereWhere to to applyapply additional additional dampingdamping ??

WooferWoofer B Magnesium B Magnesium conecone
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Acceleration Level

10 !K 5.01  K 01.02 �K

 11109,4 Hz

Rubber surround has sufficient losses Cone requires damping 
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Finding Circumferential ModesFinding Circumferential Modes
༈ࡌބᢰ༈ࡌބᢰʻ̒֊ᒵֱٻ֊ᒵֱٻʼ̓ᑓኪᑓኪ
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Search for maxima in AAL of 
Circular or Quadrature Component
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戟⺓⒕屲戟⺓⒕屲⒕ࡌࡌ摞♙⒕摞♙ႽႽ⒕摞⒕摞
Decomposition intoDecomposition into radial and radial and circular componentscircular components

At 580 Hz

circradtotal xxx � 

Radial vibration mode
㖾┷㲰㆞ࡌ

Circular vibration mode
Ⴝ㖾┷㲰㆞

causes Rub & Buzz
আࠌฆଃขس
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ᛩীᑓኪᛩীᑓኪ
Dominant Dominant Circumferential ModesCircumferential Modes ??

WooferWoofer C C with flat with flat 
radiatorradiator
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⒕屲戟⺓㽱⒕摞♙䘾ㇱ㽱⒕摞⒕屲戟⺓㽱⒕摞♙䘾ㇱ㽱⒕摞
Decomposition intoDecomposition into radial and radial and circular componentscircular components

At 580 Hz

circradtotal xxx � 

Radial vibration mode
戟⺓㖾┷㲰㆞

Circular vibration mode
䘾䕅㖾┷㲰㆞

causes Rub & Buzz
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ᄀឭᑓኪנބ۶ڕᄀឭᑓኪנބ۶ڕ
HowHow to find to find rocking modesrocking modes ??

WooferWoofer A A with paper conewith paper cone
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AAL of Quadrature Component

Search for maximum in 
quadrature component in 
AAL at low frequencies

։ၦխٌإຒ৫్ףᗨีڇ
᙮ᄕՕଖ܅ބ

380 Hz
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լঞऱ೯נބ۶ڕլঞऱ೯נބ۶ڕ ??
HowHow to find to find irregular Vibrationsirregular Vibrations ??

Aluminum diaphragmAluminum diaphragm of a horn of a horn compression drivercompression driver
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Search for maximum in 
quadrature or circular 

component of AAL
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ᛀᘿ୴ംᠲᛀᘿ୴ംᠲ
Checking radiation problemsChecking radiation problems

• ജऱೈயᚨԱႯΛߩڶଚᖑݺ

Do we have a strong cancellation effect?
• ೈயᚨਢլਢ࿇ڇسၗរհ؆Λ

Does the cancellation affect out-off axis points ?
• ᓂऱୌԫଡຝ։ᘿ୴ଃᚘΛ

Which cone part radiates sound ?
• ᘿ୴૿ᗨਢլਢڇດዬ྇՛Λ

Does the size of radiating area decreases gradually  ?
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⭿☚䤓欓㿚⭿☚䤓欓㿚
PredictionPrediction of Sound of Sound PressurePressure

Rayleigh䱾⒕⏻㆞ Rayleigh Integral Equation

• ◤⇢⇜ℝ㡯棟椫㨎₼

• driver in infinite baffle

• ㈗⮩屡ㄵ掌♾㦘哾Ⰼ䤓拋扠

• good approximation for most angles

• 帰並㢅梃䩼 short calculation time 55
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Ꮑؓࡖ֏ᨋඕ৫ᚨڴᒵႯᏁؓࡖ֏ᨋඕ৫ᚨڴᒵႯ??
SmoothSmooth SPL Response ?SPL Response ?

Woofer A with paper cone

Woofer B with magnesium cone

Woofer C with flat radiator
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ૹᓵૹᓵ
Most Most important Resultsimportant Results
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Power Level + 47 dB @ 1V

Power 
ᒵڴפ

Accumulated Acceleration AAL

ีᗨףຒڴᒵ

SPL on axis

ၗՂ᙮

ۘᖲᒤࠏ
Example: headphone

Rocking mode 䝼䛅ᑓኪ

Directivity ਐࢤٻ
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Woofer B with magnesium cone
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Woofer C with flat radiator power

SPL on-axis

უऱუऱਐࢤٻਐࢤٻ ??
Desired DirectivityDesired Directivity ??
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ਐࢤٻऱᏁޣਐࢤٻऱᏁޣ ??
Desired DirectivityDesired Directivity ??

Directivity of SPL in the horizontal plane predicted for  woofer C
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HeadphoneHeadphone –– Vibration 2760 HzVibration 2760 Hz
ۘᖲۘڇᖲڇ 2760Hz 2760Hz ऱ೯ऱ೯

AsymmetricalAsymmetrical Bending ModeBending Mode
լኙጠऱᦛމᑓኪլኙጠऱᦛމᑓኪ
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HeadphoneHeadphone –– RadiationRadiation 2760 Hz2760 Hz
ۘᖲۘڇᖲڇ 2760Hz2760Hzऱᘿ୴ऱᘿ୴
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۶ขس᙮Ղऱߣ܅۶ขس᙮Ղऱߣ܅??
What causes the dipsWhat causes the dips in SPL ?in SPL ?

WooferWoofer C C with flat radiatorwith flat radiator

Æ Compare Accumulated Acceleration (AAL) with sound pressure (SPL) 

There is enough vibration on the cone  !!   Æ Radiation Problem
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ଃᚘऱઌᣂ։ᇞଃᚘऱઌᣂ։ᇞ
Sound Sound Pressure related DecompositionPressure related Decomposition

generates sound Reduces sound no sound

ofoutantiintotal xxxx ��� 
quadrature
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How the decomposition worksHow the decomposition works
۶։ᇞڕ۶։ᇞڕ

Reference
phase I

R

I

R

Contribution to
sound pressure output

at point rj 
រՂऱଃᚘᙁנ

Summation on all points
נរऱଃᚘᙁٺ᜔ף

H(f,M,Ri,rj)X(M,Ri)

H(f,M,Ri,rj
)-1

Xquadr
ature

Xin 
phase

generates 
soundno sound

X(M,Ri)

P(rj )
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Where is the sound radiatedWhere is the sound radiated ??
WooferWoofer C C with flat radiatorwith flat radiator

Cancellation frequencies

Localization of the in-phase component
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??ംᠲࣂംᠲᜢࣂ۶ᇞެᇞެᜢڕ۶ڕ
HowHow to Fix to Fix Acoustical Cancellation problemsAcoustical Cancellation problems ??

-

Area of in -phase component

o o
node

ᑑؾ Target:
• ᖄઌ։ၦٵࠌ Make in-Phase component dominant 

• ։ၦٻ֘ࠫލ Suppress anti-phase component

ᨏޡ Steps: 
1. ᆜۯઌ։ၦٵބ find location of in-phase component

2. ڤց։࣫ᑓᚵ೯ᑓૻڶش use FEA to simulate behavior

3. (ᇖൎף ,৫ף ,দ᧢)ൎ৫ڴᦛݼൎףຍຝ։ڇ
increase bending stiffness at this area   (thickness, curvature, rips)

INCREASE
ᏺٵףઌ։ၦ૿ᗨ
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ᜢଃ۶ٻ࿇ཋᜢଃ۶ٻ࿇ཋ
Where is the sound radiatedWhere is the sound radiated ??

WooferWoofer A: Paper A: Paper ConeCone

0.1 kHz 1 kHz0.7 kHz 10 kHz4 kHz1 kHz

• In-phase component is
dominant
• No acoustical cancellation
• In-phase component stays in 
the centre 
• radiation area shrinks with 
frequency
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1 kHz

rb

㙟䯉㙟䯉::⺠兇䥕㦘㟗槱䱾⺠兇䥕㦘㟗槱䱾
TIP: TIP: ReductionReduction of of effective cone areaeffective cone area

2 kHz

rb

4 kHz

rb

6 kHz

rb

• ⒕孑ⱚℝ⮥捷 Breakup starts outside
• ⮥䘾槱䱾ₜ厌戟⺓㢝㣍䤓檂☚ Outer ring 

area does not radiate significant sound 
• ␔捷ㄣ戟⺓檂☚ (⚛䦇⒕摞) Inner part 

should radiate sound (in-phase component)

500 Hz 3 kHz 7 kHz
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Providing Input Data for FEAProviding Input Data for FEA

Drive Unit
(woofer, tweeter, ...)

Geometry

Vibration

Measured Víbration
(accumulated level + shape)
•of total vibration
•of separated components

 3937,5 Hz 

Radiator
(cone, diaphragm, panel)

Material
Parameters

E,K

Modal & 
Decomposition
Analysis

Finite
Element
Analysis

Predicted Víbration
(accumulated level + shape)
•of total vibration
•of separated components

 3937,5 Hz 

Modal & 
Decomposition
Analysis

Fitting

K
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ᓵᓵ
ConclusionConclusion

Θۯฝტྒྷᕴ ʾʳൿ༴ᕴ ʾ ॾᇆ

Displacement sensors + scanner + signal processing
Æཆᜢᕴऱ೯ኪྒྷၦᇞެءګᆖᛎ

cost effective solution for loudspeakervibrometry
Θ༓۶ݮण ʾʳ೯ᇷறਢ։࣫ऱഗ៕

Geometry + Vibration data is basis for analysis
Θ೯ࡉᘿ୴հၴऱઌյᐙਢৰૹऱ

Interaction between vibration + radiation are important
Θᄅऱ։ᇞݾÆ១֏ᇞᦰ

New decomposition techniquesÆsimplifies interpretation
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屓㫋᧶⺞帾⚆㊶厌屓㫋᧶⺞帾⚆㊶厌
Specification: Small Signal PerformanceSpecification: Small Signal Performance

㦘䄟✛㡯䄟㓻⭿⣷侊兮㦘䄟✛㡯䄟㓻⭿⣷侊兮
ActiveActive and passive and passive Loudspeaker SystemLoudspeaker System

• SPL㽎戃㡈⚠䤓ピㄵ❜ㄣ SPL on-axis amplitude 
response 
Æ⦷㡯♜⺓㧰ↅₚ under anechoic conditions (IEC 60268-5)

• 㖖⚠㊶ Directivity 
Æ⸩⚠㖖㟿 Directivity index Di(f) 
Æ⭿┮䘖❜ㄣ or sound power response Pa(f) (IEC 60268-5 Sec. 
22.1)

• 刳ㆅ扮 Group delay 
Æ䷘㈔ latency
Æ♧▥欠䘖䤓␂侊 variation vs. Frequency,
Æ抩拢⃚梃䤓♧▥ variation between channels 

国内技术服务及销售

⼲⼴广州精⾳音电⼦子科技有限公司
020-37588772
13808817355
www.audioapt.com


