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1. Introduction 

Testing a manufactured unit at the end of the assembly line is a critical step in the 
production process. Defective products or even those not matching specification limits 
closely enough must be separated from the functional units shipped to the customer. End-
of-line testing assesses not only the quality of the product, but also the stability and yield of 
the production process. Reliable detection of non-functional units is the primary objective of 
the test, but reducing the rejection rate and maximizing the output is the ultimate goal.   
100% automatic testing replaces more and more subjective testing by human operators to 
shorten the production cycle and to improve the reproducibility and comparability of the 
results. However, objective measurements should provide a comprehensive assessment as 
sensitive as a human tester using his visual and aural senses. To fully compete with an 
experienced operator, the objective measurement instrument should also have learning 
capabilities to accumulate knowledge about physical causes of the fault. Furthermore it 
should be capable of being integrated in automated lines, robust in a harsh and noisy 
environment, cost effective and simple to use.  
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Fig. 1. Quality control at the end of the assembly line  

Modern end-of-line testing (EOL) which satisfies those requirements is a complex process, as 
illustrated in Fig. 1. This chapter can only give a general overview on essential components, 
their interactions and future trends. Fig. 1 provides a roadmap of the discussion, starting with 
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the physical modelling of the device under test in section 2. This is the basis for ultra-fast 
testing, providing meaningful symptoms of the defect at high sensitivity. Important issues of 
the measurement will also be considered in section 3, such as the generation of a critical 
stimulus, the influence of the test conditions and the selection of optimal sensors. The 
following section 4 describes relevant features extracted by signal analysis, system 
identification and other kinds of transformations suppressing noise and redundant 
information. The Pass/Fail decision and classification of faults is the subject of section 5 and 
considers the problem of defining specification limits, grading the quality of the device and 
revealing the initial cause of the problem. The measurement results produced by end-of-line 
testing require a special data management and statistical analysis to support documentation, 
customer report and process control.  The new requirements and technical possibilities in 
modern end-of-line testing put the future role of the human operator into question.  
The discussion uses mass produced loudspeakers found in cellular phones, cars, 
multimedia, home entertainment and professional applications as a practical example. Some 
loudspeaker defects have a high impact on the perceived sound quality and will not be 
accepted by the customer. The loudspeaker examplealso represents other electrical, 
mechanical or acoustical systems manufactured at high quantities and low costs at a modern 
assembly line.  
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Fig. 2. Electro-dynamical loudspeakers modelled by lumped and distributed parameters 

2. Physical modelling 

A clear definition of the relevant properties and features of the device under test is essential 
for the end-of-line test to determine overall quality, perform fast measurements producing 
meaningful data and arrive at a correct Pass/Fail decision.  

2.1 Product in the development process 
The models used in the design and development process are reliable sources of this 
information. For example the transfer behaviour of loudspeakers can be described by two 
kinds of models as shown in Fig.  2.  



 
End-Of-Line Testing  

 

183 

The first model uses a small number of lumped elements representing the electrical 
resistance Re, inductance Le of the voice coil wire, force factor Bl(x) —one of the most 
important transducer characteristics— and other mechanical parameters such as the total 
moving mass Mms and the compliance Cms of the mechanical suspension. Those lumped 
parameters play an important role for the quality check of loudspeakers and can be easily 
identified from the electrical current i, voltage u and the mechanical displacement x. A 
second model is used to describe the generation of mechanical modes and acoustical waves 
using parameters distributed over the diaphragm and the sound field. Since the velocity and 
sound pressure may vary from point to point, it is impossible to measure the state of all 
those points on the radiator’s surface and in the sound field during end-of-line testing.    
 

 
Fig. 3. Signal flow diagram showing the generation of signal distortion in a loudspeaker 
system 

A more abstract model depicted in Fig. 3 shows the signal flow between the signal source 
and the sensor output, and the generation of the following distortion components in the 
output signal:   
Linear distortions are generated by the transfer response which varies in amplitude and 
phase with frequency. This kind of signal distortion is independent of the amplitude of the 
stimulus and describes the small signal behaviour of loudspeakers. At higher amplitudes 
non-linear distortions are generated. These comprise new spectral components at multiples 
and combinations of the excitation frequencies. Measurement techniques assessing 
harmonic and intermodulation components exploit this property and play an important role 
in loudspeaker testing. All loudspeakers generate linear and non-linear signal distortions to 
a certain extent, depending on the physical limits of the electro-mechanical transducer.  
Those distortions are deterministic and can be predicted by numerical design tools (Klippel, 
2006). The prototype at the end of the design process is a compromise between sound 
quality, maximal acoustical output, efficiency, size, cost and weight depending on the 
particular application. Those distortions are considered as regular and should be a feature of 
all replicated units passing the end-of-line test. Excessive signal distortions found in 
manufacturing are considered as irregular distortion and indicate a loudspeaker defect.  
Ambient noise as found in a real production environment is also monitored by the test 
microphone and will corrupt the measurement. Those signal components differ in the sound 
pressure level significantly as shown in Fig. 3.  Irregular distortion generated by a rubbing 
voice coil and other loudspeaker defects may be more than 60 dB below the total signal level 
and will still be detected by a human ear in the final application.     

Stimulus Measured
Signal

Input 
Signal

Output
Signal

Linear Model

Nonlinear 
Model

Defects

Noise

Nonlinear  distortion

Irregular distortion

Linear distortion 

70... 90 dB 40-80 dB 

110 dB 

30 ... 70 dB 



 
Assembly Line – Theory and Practice 

 

184 

 
Fig. 4. Critical loudspeaker defects caused by manufacturing   

2.2 Product in manufacturing 
The variation in the linear and non-linear parameters provided by the physical models may 
be used for detecting defective units. For example, an increase of the moving mass (e.g., too 
much glue) or a decrease of the force factor (e.g., insufficient magnetization) reduces the 
sound pressure output of loudspeakers at higher frequencies. The relationship between 
causes and symptoms becomes more complex when initial and consecutive faults occur. For 
example, asymmetrical loudspeaker nonlinearities generate a dc displacement which moves 
the coil away from the rest position. This can cause audible distortion when the voice coil 
hits back-plate as shown on the left-hand side of Fig. 4. Other defects are hardly predictable, 
such as a poorly glued connection between the surround and the membrane behaving as an 
independent oscillator creating a buzzing sound. The spring-mass system performs an 
undesired mode of vibration at higher frequencies which is powered, triggered and 
synchronized by the stimulus. The faulty glue joint behaves here as a nonlinear switch 
activating the resonator above a critical amplitude.  The beating of the braid wire on the 
loudspeaker diaphragm is a similar defect generating impulses at a particular position of the 
voice coil. The energy of those impulsive distortions is usually small and does not grow 
significantly with the level of the stimulus. A coil rubbing at the pole tips is a typical fault 
found in the production of loudspeakers generating impulsive distortion which contains 
deterministic and random components (Klippel, 2003). Air leaks in dust caps or in sealed 
enclosures emit a small air flow driven by the ac sound pressure inside the box which 
generates air turbulences and random noise (Klippel, 2010). Some loudspeakers defects 
behave randomly. For example, dust in the magnetic gap or below the dust cap in 
loudspeakers are accelerated by the cone displacement and hit the diaphragm at 
unpredictable times. 
Although some irregular loudspeaker defects produce symptoms which are not predictable 
and cannot be modelled completely, it is still beneficial to investigate the physics of those 
defects and to develop sensitive measurement techniques exploiting particular features of 
those symptoms.  Fig. 5 illustrates this approach using the example of air noise generated by 
a small leak at the rear of a loudspeaker enclosure. The random noise is generated by 
turbulences due to the high velocity of the air at the exit of the leak. However, the air 
volume velocity q(t) is not constant, but a function of the sound pressure pbox(t) in the 
enclosure and the voice coil displacement x(t). The flow diagram on the right-hand side 
describes the generation by using a linear system Hpre(jω) generating the sound pressure 
signal pbox, a nonlinear modulation process and a second linear system Hpost(jω) describing 
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the propagation of the generated noise to any point ra in the sound field. Information from 
the physical modelling provides the basis for a new demodulation technique for detecting 
air leaks more sensitive and reliable than the human ear.    
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Fig. 5. Generation of turbulent air noise by a leaky loudspeaker enclosure 

3. Measurement 

This chapter discusses the theoretical and practical aspects of performing the basic 
measurements, considering the measurement condition, excitation of the device under test 
and using optimal sensors to monitor relevant state variables.  
As expected from any other measurement process, the results of end-of-line testing should 
be repeatable under the same conditions, reproducible by a different operator at a different 
location using the same instrument, stable over time and free of bias. Repeatability and 
reproducibility can be tested by a gauge R&R test which reveals undefined factors that 
increase the variability of the measurement process. For example, loudspeaker transducers 
have to be clamped in the same way and at the same distance from the microphone, and 
should not be varied from measurement to measurement. The stability over time may be 
affected by climate conditions such as temperature, humidity and static sound pressure 
which affect the speed of sound. A critical issue in end-of-line testing is the accuracy of the 
measurement process producing bias-free results which agree with the “true” values and 
are comparable with the results of other instruments. The sound field generated by 
loudspeakers, for example, is influenced by the properties of the acoustical environment 
such as waves reflected from the table, floor, ceiling and room modes.  Measurements 
performed in an anechoic room which are indispensable in loudspeaker design are usually 
not practical and too expensive in manufacturing. Measurement in a normal production 
environment using a simple test box is preferred but requires a special calibration routine to 
ensure comparability with the results of measurements in research and development (R&D). 
Instead of assessing absolute characteristics which might be easily a subject of a bias, it is 
more practical to use relative characteristics in end-of-line testing for defining the quality of 
the device under test. This subject will be discussed in the next chapter in greater detail. 

3.1 Test environment 
Fig. 6 shows a simple and cost-effective hardware setup which complies with the 
requirements in the manufacturing of woofers, tweeters and other transducers used in audio 
systems. It comprises a front-end generating the stimulus, microphones, a power amplifier, 
a PC for processing the data and auxiliaries integrating the instrument into the production 
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line. The loudspeaker is clamped at a clearly defined position on a rigid test box unable to 
perform any parasitic vibrations. The microphone measures the sound pressure in the near 
field of the transducer at a fixed (local) position. The test box also provides some shielding 
against ambient noise generated in a real production environment. However, the enclosed 
air volume in the test box behaves as an additional air spring which reduces the 
displacement of the voice coil at lower frequencies. Although the interior of the loudspeaker 
box is damped by lining the inner walls with absorbing materials, the radiated sound 
pressure output is also affected by standing waves. Thus the acoustical measurements 
performed in the test box are only accurate for the particular measurement setup used at the 
end of the assembly line and are not directly comparable with the absolute measurements 
made under other measurement conditions during the design process. This discrepancy has 
an important consequence on defining permissible limit thresholds in the Pass/Fail 
detection discussed below.   
The measurement setup shown in Fig. 6 uses additional sensors to monitor production 
noise, air temperature and humidity. This information is crucial for detecting invalid 
measurements corrupted by ambient noise and to ensure long-term stability under varying 
climate conditions. 
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Fig. 6. Typical hardware setup for the end-of-line testing of loudspeakers 

3.2 Stimulus and excitation 
Most defects only produce significant symptoms if the device under test is operated in a 
critical state. An optimal excitation requires sufficient energy (e.g., ac main power) or a 
particular stimulus (e.g., analogue or digital signal). Ensuring sufficient excitation within the 
shortest time possible leads to ultra-fast testing which will be discussed in greater detail: 
Loudspeakers are passive systems which require an electrical AC signal to produce an 
acoustical output. A sinusoidal stimulus excites the device at only one defined frequency 
and generates the fundamental component. All other frequency components found in the 
output spectrum can be identified as non-linear signal distortion or measurement noise. 
This measurement has to be applied to other frequencies within the audio band of interest 
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(e.g., 20 Hz to 20 kHz) by stepping the frequency over discrete points with sufficient 
resolution (e.g., 1/10th of an octave) or by using a sinusoidal chirp sweeping continuously 
over all frequencies. The stepped sine stimulus stays at each frequency for a fixed number of 
periods (usually 5) to generate steady–state condition and to separate pre- and post-ringing 
after changing the frequency. Fig. 7 shows that the stepped sine stimulus spends most of the 
measurement time at low frequencies where the period length is long and both devices 
under the test and measurement instrument need a longer settling time. A complete 
measurement according to the minimal requirement can be accomplished within 1.5 s.  
Speeding up the measurement by reducing the number of test tones is not possible because 
the poor frequency resolution jeopardizes the excitation of loudspeaker defects behaving as 
narrow band resonators (e.g., buzzing parts not glued properly).        
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Fig. 7. Sinusoidal stimuli for measuring the transfer behaviour of loudspeakers  

Continuous sweeps excite all frequencies using a defined mapping between instantaneous 
frequency and measurement time. The linear sweep passes the low frequencies quickly and 
spends most of the time at higher frequencies. The measurement time should be about 20 s 
to provide sufficient resolution at low frequencies according to minimal requirements. The 
logarithmic sweep with a corresponding frequency-time mapping reduces the measurement 
time at higher frequencies for the benefit of lower frequencies accomplishing the 
measurement within 0.4 s. However, the measurement time can  be reduced even further to 
0.2 s by using a sinusoidal sweep with speed profile as illustrated in Fig. 7. This stimulus 
comprises logarithmic sections with different sweep speeds and approximates the preferred 
frequency-time mapping of the stepped sine stimulus. It spends 90% of the measurement 
time below 200 Hz to activate all kinds of irregular loudspeaker defects and passes the high 
frequency range at a 10 times higher sweep speed.  
Although the sinusoidal sweep with speed profile is a convenient stimulus for ultra-fast 
testing of audio equipment and other electronic devices, it cannot assess the 
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intermodulation distortion generated by non-linearities in the device under test. A sparse 
multi-tone signal comprising a multitude of distinct tones at a defined spectral distance and 
pseudo-random phase produces a noise-like stimulus which has properties similar to a 
steady-state audio signal, generating all kinds of harmonic and intermodulation distortion 
components in the output signal. This stimulus is ideal for assessing the large signal 
performance of loudspeakers and to identify motor and suspension non-linearities.  
Music, speech and other natural audio signals play an important role in systematic listening 
tests during the design phase but play a minor role in stimulating devices during end-of-line 
testing because those tests are inferior with respect to sensitivity and speed.  

3.3 Sensor system  
Monitoring relevant state variables of the device under test is a further requirement for 
achieving high sensitivity in end-of-line testing. This question is closely related to the 
selection of optimal sensors and can be answered by using information from physical 
modelling as discussed in section 2. For example, the state of a loudspeaker can be observed 
in the electrical, mechanical or acoustical domain.  
The acoustical measurement is indispensable for detecting air leakage noise and other 
impulsive distortion generated in the mechanical and acoustical domains which also have a 
high impact on the perceived sound quality. However, the sound pressure signal is less 
suited for assessing the properties of the electrical and mechanical system modelled by 
lumped parameters as shown in Fig.  2. A simple measurement of the electrical signals at the 
loudspeaker terminals provides results which are more reliable and easier to interpret. The 
direct measurement of mechanical state variables by scanning techniques is important for 
assessing the cone vibration during the design process, but until now has played a minor 
role in end-of-line testing. However, inexpensive triangulation lasers are already being used 
for testing spiders, passive radiators, diaphragm and other mechanical loudspeaker parts on 
the assembly line.  
Multiple sensors combined into an array (e.g., microphone array) and parallel acquisition of 
the sensor output signals are required to localize the position of the defect in a sound field or a 
mechanical structure corresponding with a distributed parameter model. The number of 
sensors and locations in a sensor array depends on wavelength of the signal components and 
the distance to the source. The position of defects generating deterministic symptoms can also 
be determined by repeating the measurements while changing the position of the sensor.   

4. Feature extraction 

The objective of signal analysis is to extract features from the monitored signals which 
reveal the symptoms of the defect, to remove redundancy in the data and to suppress 
information not relevant for the quality assessment. This section can only give a short 
overview on plurality of traditional and new methods used for end-of-line testing.    

4.1 Signal analysis 
The first class of methods as summarized in Table 1 are applied to the time signals at the 
sensor outputs. There are no assumptions made as to how the device under test is excited 
and what properties the stimulus has. There is also no physical model of the device 
required. Thus the signal analysis is the most general approach which can be applied to all 
kinds of devices under test.  
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Signal 
Characteristics Measurement technique and diagnostic value 

Rms value 
corresponds to the power of the signal (e.g., SPL) and is a simple and sensitive 
characteristic for detecting defects generated by deterministic processes (e.g., 
variation of loudspeaker sensitivity).

Peak value 
is the maximal absolute value of the time signal within a time frame such as a 
period. This characteristic is good for assessing impulsive distortions which 
have a low rms value (e.g., loose particles). 

Crest factor 
is the ratio between peak and rms value and describes the impulsiveness of the 
signal independent of the magnitude of the signal (a crest factor > 10 dB 
indicates an irregular defect in loudspeakers).  

Autocorrelation 
function () 

describes the correlation of a time signal x(t) with itself x(t-) using a lag   and 
gives information about repeating events (e.g., periodicity, pitch).  

Coherence 

describes the relationship between two signals using the cross-correlation 
spectrum normalized by the auto correlation of the two signals. This 
characteristic can be used for detecting an invalid measurement corrupted by 
an ambient noise source using a multi-sensor system (Bendat & Piersol, 1980). 

Periodicity 
 

can be assessed by the crest factor of  the autocorrelation function () of the 
signal for ≠0. A high value indicates a repetitive process (e.g., sound emitted 
by electrical motor).   

Period length T 
is the time difference between adjacent maxima in the autocorrelation function   
corresponding with the lowest frequency component generated by a 
deterministic process (e.g., revolution of a car engine). 

Synchronous 
average 

is the mean value of adjacent sections of a repetitive time signal with the 
period length T and reveals the deterministic periodical component while 
attenuating all random and non-periodical components (e.g., ambient noise).    

Random residual 

is the difference between the original time signal and the synchronous average 
and reveals random and non-periodical components (e.g., loose particles, air 
leakage noise, external disturbances of production noise) in the time domain 
(Klippel, 2010).

Cepstrum 

is the inverse Fourier transform of a logarithmic spectrum (Oppenheim & 
Schafer, 2004) which is useful for the deconvolution of source signal (e.g., 
engine noise) and the impulse response describing the propagation of the 
signal (e.g., radiation by the car body).  

Signal Envelope 

is the magnitude of the analytical signal calculated by using the Hilbert 
transform or by performing a demodulation of the signal which is useful for 
detecting defects generated by a semi-random process such as modulated air 
leakage noise (Klippel, 2010). 

Discrete Fourier 
Transform (DFT) 

provides a line spectrum of a time sequence which is assumed to be periodical. 
This transform is preferred for synchronous analysis of periodical signals 
where the length of the DFT corresponds to multiples of the period length T of 
the signal (e.g., hard bottoming of the voice coil at the pole plate).  

Short-time Fourier 
Transform (STFT) 

is a frequency-time analysis applying windowing to the waveform prior to a 
discrete Fourier transform. The transform is preferred for non-stationary 
signals where either a high frequency or a high temporal resolution is required 
(Boashash, 2003). 

Discrete Wavelet 
Transform (DWT) 

is a frequency-time analysis using wavelets with a temporal length scaled 
according to the analyzed frequency band. This transform is preferred for non-
stationary signals where a high frequency resolution at low frequencies and 
high temporal resolution at high frequencies is required (Percival & Walden, 
2000).

Table 1. Important characteristics provided by signal analysis  
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The applications of the signal analysis techniques will be illustrated on a sound pressure 
signal measured in the far field of a loudspeaker system having a small air leak.  The 
diagram on the left-hand side of Fig. 8 shows the signal waveforms radiated by the defective 
loudspeaker as a solid line and the waveform of the same loudspeaker where the leak is 
sealed as dashed line. 
 

 
Fig. 8. Waveform (left) and spectrum (right) of the sound pressure signal measured at a 
leaky enclosure (solid black lines) and a sealed enclosure (dashed grey line) using a 
sinusoidal stimulus at 35 Hz 

The loudspeaker without leak generates a smoother waveform but there is neither 
significant difference in the peak nor in the rms value. The autocorrelation function 
calculated from both signals reveals high periodicity and a period length of 28.5 ms. The 
discrete Fourier transform (DFT) applied to the both time signals which are exactly 128 
periods long provides the line spectra shown in the right hand side of Fig. 8. There are 
distinct spectral components at f0=35 Hz and at multiple frequencies fn=nf0 with 1<n<20 
with almost the same sound pressure level (SPL) for the functional and defective unit shown 
as black and grey lines, respectively. The air leak generates a higher sound pressure level for 
spectral components above 1 kHz. The power of the symptom is very low (-80 dB) and 
distributed over a wide frequency range causing a low spectral power density close to the 
noise floor of the measurement system. Therefore it may be more beneficial to attenuate the 
low frequency component below 1 kHz and to transform the high frequency component 
back to the time domain by using an inverse DFT. This corresponds to high-pass filtering of 
the original sound pressure signal revealing useful symptoms of the air leak.     

4.2 System analysis 
Many devices under test (such as loudspeakers) can be considered as transfer systems 
requiring an input signal for excitation and generating an output signal closely related to the 
stimulus, but containing additional signal distortion as shown in Fig.  3. Using a particular 
test signal with particular properties, the monitored sensor signal can be split into linear, 
nonlinear and irregular distortion components, providing further characteristics for end-of-
line testing as summarized in Table 2.   
Exploiting the properties of the stimulus, the spectral components found in the signal 
analysis may be interpreted as fundamental or distortion components. The sound pressure 
signal of the loudspeaker with and without air leak in Fig. 8 has been excited by a sinusoidal 
test tone at f0=35 Hz. Thus the lowest frequency component found at this frequency is the 
fundamental component which dominates the total sound pressure signal. The phase of the 
fundamental component reveals polarity of the loudspeaker and may be used for checking  
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System 
Characteristic 

Measurement technique and diagnostic value 

Amplitude Response 
of the Fundamental 

Component 

corresponds at small amplitudes with the magnitude of the linear transfer 
function and reveals failures in the small signal performance (e.g., variation of 
the cone mass).  

Phase Response of 
the Fundamental 

Component 

corresponds at small amplitudes to the phase of the linear transfer function 
and is important for checking time delay (e.g., microphone distance) and 
polarity. 

Total harmonic 
distortion (THD) 

describes the rms value of all harmonic components which are multiples of the 
excitation frequency. It reveals the dominant nonlinearities (e.g., nonlinear 
stiffness of the mechanical suspension in loudspeakers). 

Total harmonic 
distortion and noise 

(THD+N) 

describes the rms value of all signal components without fundamental 
component. It reveals the dominant nonlinearities and other disturbances 
which are not at multiples of the fundamental frequency (e.g., humming 
component at 50 Hz asynchronous to the excitation signal). 

2nd-order harmonic 
distortion 

indicates an asymmetrical shape of the nonlinearity inherent in the system 
(e.g., a different stiffness of the mechanical suspension for positive and 
negative displacement). 

3rd-order harmonic 
distortion 

indicates a symmetrical shape of the nonlinearity (e.g., symmetrical limiting of 
the mechanical suspension). 

Peak-value of 
higher-order 

distortion 

measured by using a sinusoidal stimulus of frequency fo, high-pass filtering of 
the sensor signal at a cut-off frequency fc>10fo  and detecting the peak value 
within a period 1/fo in the time domain (Irrgang, 2006). This characteristic is 
sensitive for all kinds of impulsive distortion generated by a random or 
deterministic process (e.g., voice coil rubbing). 

Peak value of higher-
order harmonic 

distortion 

measured by using a sinusoidal stimulus of frequency fo, detecting the peak 
value within a period 1/fo in the sensor time signal comprising only nth-order 
harmonics with n>10 (Klippel, 2003). This characteristic reveals the impulsive 
distortion generated by a deterministic process (e.g., hitting the back plate). 

Peak value of higher-
order non-harmonic 

distortion 

measured by using a sinusoidal stimulus of frequency fo, filtering of the sensor 
signal to select only non-harmonic components above a cut-off frequency 
fc>10fo  and detecting the peak value within a period 1/fo in the time domain 
(Klippel, 2011). This characteristic reveals the impulsive distortion generated 
by a random process (e.g., loose particles). 

Peak value in the 
envelope of non-

harmonic distortion 

measured by using a sinusoidal stimulus of frequency fo, filtering of the sensor 
signal to select only non-harmonic components above a cut-off frequency 
fc>10fo  and reading the peak value in the envelope of the demodulated signal 
averaged over multiple periods Klippel, 2011). This characteristic reveals semi-
random processes having a random fine structure but a deterministic envelope 
(e.g., air leakage noise).  

Multi-tone distortion

measured by  using a sparse multi-tone stimulus and selecting the distortion 
components in the sensor signal found at frequencies not excited by the 
stimulus (Cabot, 1999).  This measurement reveals harmonic and 
intermodulation distortion and is very sensitive for detecting a force factor 
nonlinearity (e.g., caused by voice coil offset).    

Incoherence 

describes the deviation from a linear relationship between the input and 
output signal (complement to coherence). This characteristic may be applied to 
music, speech and other arbitrary stimuli having a dense spectrum and reflects 
all kinds of nonlinear signal distortion and noise.  

 

Table 2. Characteristics provided by generic methods of system analysis 
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the correct connection of the electrical terminals. The spectral components at multiple 
frequencies fn=nf0 with n≥2  are the nth-order harmonic distortion components generated by 
the nonlinearities inherent in the device under test. The energetic summation of those 
components gives the total harmonic distortion THD. The symptoms of the air leak are not 
only higher-order harmonics (n>20) but also spectral components at other frequencies.  
Repeating the signal analysis for other excitation frequencies leads to the frequency 
response of those components.  
Fig. 9 shows the frequency responses of the SPL fundamental, 2nd-5th harmonics and the 
total harmonic distortion in the sound pressure output using a short logarithmic sweep with 
speed profile as shown in Fig. 7. The roll-off of the fundamental component at the cut-off 
100 Hz limits the usable audio band at lower frequencies, while the break-up modes cause 
the peaks and dips at higher frequencies. The motor and suspension nonlinearities cause a 
high value of THD at low frequencies. The higher-order distortions curve is 45-60 dB below 
the fundamental and shows that the device under test has no impulsive distortion generated 
by a rubbing coil or other irregular defects. 
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Fig. 9. Results of ultra-fast loudspeaker testing using a 200 ms stimulus  

To increase the sensitivity of the end-of-line measurement and to identify the physical cause 
of the defect further features have to be derived from the measured signals. Synchronous 
averaging over adjacent periods provides the deterministic component at a higher signal-to- 
noise ratio while suppressing measurement noise and other random components. This can 
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also be realized by a comb filter selecting all harmonic components in the high-pass filtered 
signal as shown in Fig. 10. The complementary signal comprising only non-harmonic 
components is a random signal.  
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Fig. 10. Separation of the deterministic and random distortion components using a 
sinusoidal stimulus 

 

 
Fig. 11. Waveform of deterministic distortion component (left) caused by a buzzing loose 
joint and random distortion component (right) generated by an air leak  

Fig. 11 illustrates the benefit of this separation on a loudspeaker having two defects. The 
periodic waveform in the left diagram reveals a deterministic defect caused by a buzzing 
loose joint while the random component on the right side is caused by an air leak in the 
enclosure.  Turbulent noise generated at the leak has a completely random fine structure, 
but the envelope of the noise is deterministic due to the modulation process discussed in 
Fig. 5. Since the amplitude of air leakage noise is very small and in the same order as  
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Fig. 12. Detection of turbulent noise generated by air leaks by demodulating the random 
signal component and synchronous averaging of the envelope  
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ambient noise (e.g., air conditioning) a measurement technique which accumulates the 
energy over time is required. Direct averaging of random distortion signals over multiple 
periods will reduce the noise signal and reveal no meaningful symptoms. Demodulation 
of the random distortion signal and synchronous averaging of the envelope as shown in 
Fig. 12 provides a sensitive feature for detecting semi-random noise reliably (Klippel & 
Werner, 2010).     

4.3 Model identification 
Exploiting available a-priori information on the physics of the device under test provides 
further features for end-of-line testing. These are more closely related to the material and 
geometrical properties of the device. Table 3 gives an overview on those characteristics: 
 

Characteristic Measurement technique and diagnostic value 

Parameters 

of the model are identified by reducing a cost function assessing the difference 
between  estimated and measured signals. The estimated parameters describe the 
particular device under test and are independent of the stimulus used. The 
parameters have a physical meaning (e.g., force factor) and correspond to material 
parameters and geometrical variation (e.g., voice coil offset in mm) and can be 
used for process control.     

State variables 

can be calculated for the particular stimulus by using the model and identified 
parameters. This is beneficial for assessing state variables (e.g., voice coil 
displacement) which cannot be monitored at the end of line or require an 
expensive sensor (e.g., laser) otherwise.  

Signal Distortion 

can be calculated for the particular stimulus by using the identified model giving 
access to the linear and nonlinear signal components. This technique allows 
separating regular distortion found in functional units from irregular distortion 
generating by defects (loose particles).  

Variables with 
reduced 
variance 

are calculated from the original variables (e.g., resonance frequency) by 
compensating temperature, humidity and other external factors. This 
compensation of the climatic influence requires, for example, thermometer and 
other sensors at the assembly line and a model for predicting the behavior at 
defined condition. This reduces the common-cause variance in the measured 
variables and allows application of tighter specification limits.   

Table 3. System identification techniques used for end-of-line testing 

Linear system identification has a long history in loudspeaker measurement and can be 
realized by fitting the predicted electrical impedance based on the lumped parameter model 
in Fig. 2 to the measured impedance response. The best estimate of the free model 
parameters are the Thiele/Small parameters (T/S) are shown on the lower left hand-side of 
the screenshot Fig. 9. Those parameters include the voice coil resistance, resonance 
frequency and Q factor and are easy to interpret. However, the linear model is limited to the 
small signal domain and cannot explain the generation of nonlinear distortion at higher 
frequencies. Nonlinear system identification exploiting the nonlinear distortion measured in 
voltage and current at the loudspeaker terminals reveals the loudspeaker nonlinearities in 
the motor and suspension system. For example, an offset in the voice coil rest position can 
be detected in the asymmetry (e.g., shift to the right sight) of the bell shaped force factor 
characteristic as illustrated in Fig. 13. 
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Fig. 13. Measurement of the voice coil offset in mm by identifying the force factor 
nonlinearity based on voltage and current monitoring at the loudspeaker terminals 

A model with identified parameters also provides the state variables (e.g., displacement, 
voice coil temperature) for an arbitrary stimulus and dispenses with an additional sensor 
(e.g., laser). System identification can also be used for the measurement of irregular 
distortions (e.g., caused by a small loose particle) which are masked by regular distortion 
(e.g., caused by motor and suspension) and not detectable by a human ear or conventional 
signal and system analysis. Such a defective unit cannot be shipped to the customer because 
the defect may become worse in the final application (e.g., particle causes voice coil rubbing) 
eventually generating audible distortion. An adaptive model is used to learn the 
deterministic properties of the functional devices and synthesize the regular distortion 
which is subtracted from the measured signal as shown in Fig. 14. Such an active 
compensation (Irrgang, 2006) increases the sensitivity for irregular distortion by 10 – 30 dB 
and belongs to the technologies which outperform the capabilities of a human tester.    
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Fig. 14. Active compensation of deterministic properties found in all functional devices 
under test to increase the sensitivity of the measurement system for defects masked by 
regular distortion 

4.4 Feature reduction  
The previous discussion focussed on analysis techniques for increasing the sensitivity of the 
measurement instrument to ensure reliable detection of all potential defects in the device 
under test. However, features which are not relevant, redundant or having low diagnostic 
value should be excluded from the following classification to keep the data size small and 
the processing fast and robust. Table 4 provides an overview of the most important 
techniques for reducing the dimensions of the feature space.    
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Transformation Technique and application 

Relativization 
refers a measured value or curve (e.g., absolute distortion) to a reference (e.g., 
total sound pressure) to generate a relative quantity (e.g., distortion in 
percent).  

Curve smoothing 
and decimation 

is the simplest way to reduce the resolution of a curve. Prior to the decimation, 
an energetic averaging within a defined bandwidth (e.g., third-octave) is useful 
for fundamental SPL response, while taking the peak value in this interval is 
more advantageous for higher-order distortion.  

Orthogonalization 

converts an original set of possibly correlated features into a set of independent 
features using principal component analysis (PCA). The number of principle 
components is less than or equal to the number of original features. The 
principle components are ordered to account for decreasing variability in the 
data. This transformation is useful for reducing the number of data points in 
one-dimensional curves (e.g., SPL response) and two-dimensional data sets 
(e.g., time-frequency responses from STFT). 

Prediction of 
perceptive attributes

is a transformation of physical features measured by an  objective 
measurement technique into perceptive attributes explaining the subjective 
sensation of a customer or human operator (e.g., audibility of signal distortion 
(ITU 2001)).  

Table 4. Techniques to reduce the number of features submitted to the classification process 

5. Classification 

After providing a set of relevant features from physical measurement, the next step is the 
generation of Pass/Fail verdicts and the identification of the physical cause of the defect.     
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Fig. 15. Methodology for transferring specification limit defined for standard measurement 
condition (anechoic room) to corresponding specification limits valid for the special 
measurement condition (test box) used at the end of line 

5.1 Pass/fail decision 
Faulty units can be easily separated from functional units by comparing the measured 
variables with specification limits. Those limits correspond with either the target 
performance at the beginning of the product development, the quality found at the first 
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prototype or the requirement defined by the customer. Specification limits referring to 
standard measurement condition cannot be applied to end-of-line testing if the 
measurement conditions are different there. For example, most loudspeaker standards 
define the sound pressure output at 1 m distance from the drive unit operated in a baffle 
under free field condition. The test box as shown in Fig. 6 is smaller, less expensive  
and more convenient than an anechoic room, but requires a transformation of the 
specification limits.  
This problem can be solved by selecting a limited number of units (usually 10 - 100) and 
performing a measurement under standard conditions as illustrated in Fig. 15. The 
functional units which fulfill the specifications are subject to a statistical analysis. After 
calculating the mean value and variance of all features, Golden Reference Units are selected 
which represent the ensemble best. Some of the absolute specification limits corresponding 
to standard measurement conditions are replaced by relative limits. Now a Golden 
Reference Unit and the corresponding relative limits are transferred to the assembly line and 
measured under non-conformal conditions (e.g., test box). Finally the relative limits are 
transformed into absolute limits used for end-of-line testing.  
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Fig. 16. Algorithms used for calculating specification limits based on statistical 
characteristics derived from reference units 

The Golden Reference Unit is stored under manufacturing conditions and can be used to 
recalibrate the absolute limits at any time when temperature or humidity changes the 
behaviour of the device under test. This limit calculation process must also consider 
systematic differences between the just assembled unit where the properties are still varying 
(e.g., drying adhesive) and the Golden Reference Unit manufactured some time ago.  
Special algorithms are useful to transfer or generate the specification limits. The shift 
algorithm is a simple way to generate upper and lower specification limits having a defined 
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distance to the mean value as shown in Fig. 16. If meaningful shifting values are not known, 
the width of the permissible corridor can be calculated from the variance of the measured 
variable.  For example the upper and lower limits of the fundamental SPL curve in Fig. 16 
correspond to ±3 sigma and make the corridor wider at higher frequencies where the 
variance of the measured variable rises. The floor algorithm is a useful constraint which 
keeps the specification limit above a threshold. This is, for example, useful for total 
harmonic distortions which are acceptable if they are smaller than a defined level. A jitter 
algorithm increases the tolerances in the horizontal direction to cope with sharp peak and 
dips having a varying resonance frequency.    
Statistical algorithms for limit definition have the benefit that only few setup parameters 
(e.g., shift value) have to be defined which are valid for similar kinds of products. The 
distance between the measured variable and the upper and lower specification limits may 
be used as a quantitative measure for grading the quality of the device under test and for 
assigning the device to a particular quality class. 
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Fig. 17. Test system providing immunity against production noise by detecting invalid 
measurement and splicing valid parts of repeated measurements together 

5.2 Detection of invalid measurements 
A disturbance from an external source corrupting the monitored signal may invalidate the 
measurement. Acoustical measurements are especially prone to ambient noise generated in 
a production environment. A multiple sensor system such as a microphone array can be 
used for deriving the position of the source and to separate the test signal from the noise. If 
the test microphone is located in the near field of the loudspeaker as shown in Fig. 17 and a 
second microphone is located in the far field at some distance from the test microphone, an 
acoustical disturbance can be detected reliably. The grey sections in the SPL frequency 
response in the right-hand side of Fig. 17 show the corrupted parts of the measurement. 
Invalid results require a repetition of the measurement, but it is beneficial to store 
uncorrupted parts of each measurement and to merge those parts with valid parts of the 
following repetitions resulting in complete valid set of data eventually. This auto-repeat and 
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splicing technique is an important element of ultra-fast testing providing immunity against 
random production noise. 
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Fig. 18. Automatic classification of defects using information from an external expert and 
off-line diagnostic 

5.3 Defect classification 
If a device fails permissible specification limits, it is crucial to identify the physical cause of the 
defect as fast as possible to ensure timely control of the production process and to maintain a 
low rejection rate. To accomplish this task, an experienced operator or engineer from 
manufacturing or product design can perform additional measurements, visual inspection, 
destructive analysis or other kinds of off-line diagnostics as shown in Fig. 18. For loudspeaker 
evaluation, new auralization techniques are also useful, providing more sensitivity for defects 
than normal listening tests. Signal processing can enhance critical distortion components while 
protecting the operator’s ears against the fundamental component‘s high sound pressure. 
However, those tools cannot replace the expertise the human investigator has accumulated 
over time and cannot be transferred to other co-workers.  
A new objective of end-of-line testing is combining the results of objective testing with the 
background information about the physical nature of the defect. The first step in this process 
is the creation of a class, assigning it a meaningful name and storing all relevant information 
(symptoms, causes, remedies) in a knowledge base. Generic defect classes (e.g., “electrical 
shortcut”) are already provided by the measurement instrument, but the particular defect 
classes are generated during the design process and permanently extended during 
manufacturing. The classificator in Fig. 18 uses this information to determine defect classes 
which correspond to the measured features at the highest likelihood. Fuzzy logic (Zadeh, 
1987) can be used to combine the measured features with non-numeric linguistic variables 
such as “loudspeaker sounds distorted” and determine the membership of the defect 
classes. The output of the classification process is not only the name and probability value of 
the most likely defect class, but also a list of alternative classes at a lower rank. This 
information is not a strict assignment, but more a guided search process for the operator to 
determine the most likely defect class.  
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The verification of the proposed or assumed defect is part of the off-line diagnostics, usually 
performed on a separate measurement platform. The result of the human inspection is the 
most important input for the automatic learning process. The measured features of the 
defective device are used to update the properties of the defect prototype which represents 
an existing defect class. If the membership function of all existing classes is low or the QC 
operator detects a failure not known before, there is the opportunity to create a new defect 
class where the defective unit is identical to the prototype. An administrator who is usually 
the line leader or an experienced QC engineer supervises feedback of the operator and can 
unify two defect classes and may improve the verbal description of the defect. The expert 
system is a valuable tool for accumulating knowledge to train new, inexperienced co-
workers and to simplify the communication between team members.    

6. Quality monitoring and process control 

Although the detection of defect units is the basic objective of end-of-line testing, the 
properties of the functional units passing the test also provide valuable information about 
the stability of the production process. Statistical analysis applied to this data reveals drifts 
and trends early enough to readjust the process before faulty products are produced.   

6.1 Statistical analysis 
The first step of quality monitoring and process control is the calculation of basic statistical 
characteristics of the measured variables (e.g., resistance) and classification results (e.g., 
counts of defects) as summarized in Table 5. 
 
Basic characteristic Description and application 

Histogram 

is used to measure the distribution of a variable by counting the number of 
points in  equally sized,  non-overlapping intervals on the data range. The 
normalized histogram estimates the probability density function pdf and 
reveals important properties of the distribution (center, spread, skew, outliers 
and multiple modes).

Arithmetic 
Mean x  

is the sum of data points xi of a measured variable divided by the number N of 
observations. 

Median x  

corresponds to the value of the data point which separates the higher half of 
the population from the lower half. The median describes the central value of 
skewed populations more usefully than the mean value and suppresses the 
effect of outliers.  

Exponentially 
Weighted Moving 
Average (EWMA) 

performs a smoothing of the measured data series xi versus unit index i (or 
time) by decreasing the weights of old data. The EWMA is used in control 
charts to detect small shifts and trends at a higher sensitivity than using the 
mean value calculated in subgroups.

Sample Standard 
Deviation σ describes the variability of the measured single-valued variable xi.  

Range R is calculated by subtracting the lowest value (minimum) from the highest value 
(maximum) found in subgroups.  

Rejection Rate 
RR 

is the ratio of non-confirmative or defective units failing the end-of-line test to 
the total number of units tested. The rejection rate is the complement of the 
process yield.  

Defects Per Million 
Opportunities 

(DPMO) 

is the number of defects (or non-conformities to the specifications) referred to the 
product of measured devices times the number of defects possible in one unit.  

Table 5. Basic statistical characteristics important for end-of-line testing 
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The calculation of those basic characteristics does not require much processing power and 
can be accomplished by the computer used as part of the end-of-line tester. This provides an 
additional benefit as warning and alarm signals can be generated automatically and used as 
feedback at the end of assembly line.    

6.2 Process stability 
Statistical process control (SPC) separates variations arising from common causes typical to 
a particular production process (e.g., manual soldering of wires) from unanticipated, special 
causes (e.g., a new batch of parts with different properties is assembled).  Common-cause 
variations are stable and predictable while special-cause variations have an atypical pattern 
and are unpredictable, even from a probabilistic point of view, and may require action to 
stabilize and adjust the process.   
The Control Chart is a powerful tool for separating common and special causes. The chart 
displays the quality characteristic versus time or sample number in comparison with two 
horizontal lines, the upper control limit (UCL) and the lower control limit (LCL). A centre 
line  between the UCL and LCL curves describes the long-term mean value of the process 
under control. There are many types of charts applicable to variables (e.g., individual data 
point of the measured feature, mean value, range) or attributes (e.g., counts of 
nonconforming units, proportions) of different subgroup sizes based on different statistical 
assumptions (e.g., underlying distribution) and performance (e.g., sensitivity for shifts). 
Table 6 describes some of the important charts (further details see Montgomery, 2005).    
 

Control chart Definition and application

x  and σ Chart 
“X-Bar and S 

Chart” 

contains a pair of charts used to monitor the (short-term) mean value and 
standard deviation of the variable observed over a relatively large number of 
units (n>10) in regularly sampled subgroups. This chart is sensitive for detecting 
shifts larger than 1.5σ. 

x   and R Chart 
“X-Bar and R 

Chart” 

contains a pair of charts used to monitor the (short-term) mean value and 
maximal variation (range) of the variable observed over a relatively small 
number of units (n<10)  in subgroups.  This chart is sensitive for detecting shifts 
larger than 1.5σ.

EMWA Control 
Chart 

uses the exponentially-weighted moving average to detect small variation 
(between 0.5 – 1.5σ) caused by special causes which would be otherwise assigned 
to the common cause variation using the x or other standard control charts. The 
increased sensitivity for shifts and trends is gained without increasing the chance 
for false alarms. 

P Chart is a control chart applied to the ratio (proportion) of nonconforming units to the 
total number of units using data generated by Pass/Fail decision. 

Table 6. Important control charts for assessing process stability  

Comparing the quality characteristic (variables and attributes) with the upper and lower 
control limits derived from the long term mean value and variability of the process can 
reveal a critical “out of control” status. Other rules (WECO, 1956; Nelson, 1984) consider 
additional zones at lower variance and are more sensitive to small shifts and trends. 
According to the WECO rules, a process is “out of control” if one of the following occurs: 
- a single point is outside the ±3σ range, 
- two out of three successive data points are beyond the ±2σ range, 
- four out of five successive points are beyond ±1σ range or 
- eight successive points are on one side of the centre line. 
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6.3 Process capability 
If the production process is stable, it is possible to predict the output of the process by using 
dedicated characteristics as listed in Table. 7.  
 

Characteristic Definition and application 

Process 
Capability Index 

Cpk 

assesses the ability of a process considering the common causes of variation 
expressed by estimated mean value µ and standard deviation σ of the measured 
variable to produce output within given upper and lower specification limits USL 
and LSL, respectively. Montgomery (2005) recommends a minimal Cpk value of 
1.33 for an existing process and 1.5 for a new process using two-sided 
specification.  

Process 
Performance 

Index Ppk 

requires a calculation similar to the process capability index Cpk, but can also be 
applied to an instable process not yet under control. It considers not only the 
common causes, but also special causes of variance in the process caused by shifts 
and drifts.   

Table 7. Characteristics assessing the performance of the process    

The yield of the production process corresponds to the process capability index Cpk, if the 
process is normal distributed and stable. For example a Cpk=1.33 gives a process yield of 
99.99 %. To keep the rejection rate below 3 defects per million opportunities (Six sigma) the 
short term Cpk should be larger than 2. A first estimate can be achieved by using a few data 
points (> 17) but the prediction becomes more precise by using long-term estimates of µ and 
σ based on a larger number of observations.  

6.4 Process adjustment 
The control charts and the indices of process capability reveal one or more problems 
somewhere at the assembly line which require immediate actions to prevent an increase of 
the rejection rate. If the relationship between symptom and physical cause is not known, a 
solution for the problem can be searched by a trial and error method. The success of this 
approach depends on the intuition and experience of the investigator. A more systematic 
approach is the fault analysis techniques as listed in Table 8 collecting information on 
potential problems and optimal remedies.  
The ability to act as quickly as possible when the process becomes instable and incapable is 
vital. The continuous improvement process (CIP) and the failure mode and effects analysis 
(FMEA) are examples of evolutionary methods for accumulating knowledge before a 
potential failure occurs. Because of practical experiences during the development of the 
product, the expertise of the R&D engineers is an important source. This information has to 
be documented in a format (e.g., fishbone diagram) and language suitable for application at 
the assembly line. If the manufacturing is outsourced to a contract manufacturer, this know-
how will be transferred only if both companies are interested in a close and long-term 
relationship. 
New measurement techniques exploiting physical modelling of the device under test and 
system identification make the relationship between symptoms, causes and remedies more 
transparent. For example, Fig. 19 shows the adjustment of the rest position of the voice coil 
in loudspeaker manufacturing.  The rest position of the voice coil depends on mechanical 
suspension which is made out of impregnated fabric, rubber, foam and other material 
having varying properties. An offset from the optimal rest position may cause signal 
distortion which impairs the perceived sound quality. However, the measurement of the 
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Method Description and application 

Failure Mode and 
Effects Analysis 

(FMEA) 

is an inductive method which captures engineering knowledge and 
experience with similar products, then identifies potential failure modes in 
future by defining causes, effects and actions and by rating severity, 
likelihood and detectability (Kmenta& Koshuke, 2004). 

Root Cause 
Analysis (RCA) 

attempts to find, correct or eliminate the cause of the problem as opposed to 
coping with obvious symptoms only (Andersen, 2006).   

Fault Tree 
Analysis 

is a deductive method which explains the undesired event by a logical 
combination of initial faults, external events in subsystems using Boolean 
logic (AND, OR gates), (IEC, 2006).  

Fishbone Diagram 
proposed by Ishikawa (1990) collects all causes and reasons grouped into 
major categories (e.g., people, material, measurements, environments). 

Why-Because 
Analysis 

is a more a posteriori analysis method developed for investigating causal 
relations between factors contributing to an accident.  

Poerto chart 

highlights the most important factors (sources) of defects according to the 
occurrence, cost, frequency of customer complaints or other quality criteria. 
This chart typically shows bars and line graphs where the bars represent the 
individual value of the defects in descending order and the lines show the 
cumulative value (Wilkinson, 2006).  

Continuous 
Improvement 
Process (CIP) 

is an ongoing effort to achieve  incremental improvement using feedback 
from measurement instruments, statistical process control, ideas from 
customers, operators, QC and design engineers (Imai, 1997). 

Design of 
Experiments 

is a methodology (proposed by Fisher, 1971) to gather information on the 
effect of some controlled treatments applied to experimental units using 
comparison, randomization, replication and other principles.    

Table 8. Methodologies used for initiating the optimal action in process control   
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Fig. 19. Increasing the yield rate of the manufacturing process by process control (e.g., by 
voice coil adjustment using measured coil offset in mm using information generated during 
end-of-line testing) 
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total harmonic distortion (THD) is only a symptom and is less suitable for process control. 
Nonlinear identification techniques as discussed in Fig.  13 reveal the voice coil position and 
provide a quantitative value (in mm) for the adjustment of the voice coil position. The 
detection of a voice coil offset and a proper readjustment can be realized as continuous 
feedback control in automated assembly lines used for micro-speakers in telecommunication 
applications.  

7. Data archiving and reporting 

End-of-line testing produces an enormous amount of data. This section discusses alternative 
ways of storing the results in an effective format to support statistical analysis and the 
distribution of relevant information to different recipients.   
The results of end-of-line tests reflect the quality of the total production process and are not 
only interesting for manufacturing, but also for the supplier of parts, design engineers in the 
R&D department, QC management and customers. However, each group needs a different 
part of the data. For example, manufacturing should immediately receive all parameters 
which are the basis for process control; however, those data are less important for the 
customer who is more interested in the overall quality of the products. The management is 
usually satisfied with the number of devices tested and the process yield. The designer from 
the R&D department is more interested in detailed measurement results of defective devices 
under test to understand the physical cause of the problem and discovering clues for 
improving design or simplifying manufacturing. The parts supplier (e.g., diaphragms in 
loudspeakers) only needs parameters (e.g., resonance frequency) which are important for 
his quality control and to address possible customer complaints. There is usually not 
enough time during end-of-line testing for isolating this information and generating a 
separate output file for each recipient in his preferred format. This problem becomes critical 
if the individual results of all measured devices under test are stored to ensure traceability 
about every step in the process chain. In this case, each device under test is identified by bar 
code or printing an individual label for each device under test. The computer associated 
with the measurement system is only used for writing a short entry for each measured 
device in the log file (i.e., general information such as serial number, date, time, verdicts, 
Pass/Fail result and selected important single-valued parameters).    
In many applications, a digital format (e.g., database) is the only way to transfer a large 
amount of data (e.g., curves) as quickly as possible to a central computer (e.g., server) where 
the data is stored temporarily and the output file for each recipient is generated by a 
separate extraction process. The central storage of the test results allows, for example, 
matching loudspeaker units with similar acoustical properties which are sold as pairs to the 
customer.    

8. Conclusion 

Testing the manufactured device at the end of the assembly line differs significantly from 
the measurements performed during the development of the product. Most information, 
graphs, post-processing tools appreciated by an innovative R&D engineer are less useful in 
manufacturing where an identical replication of the prototype is important. End-of-line 
testing uses highly specialized test equipment providing limited information sufficient for 
quality assurance and process control. New sensor, signal analysis and system identification 
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techniques are used to ensure reliable detection of defects at an early stage before the 
product is shipped or mounted in the final application. Ultra-fast measurement techniques 
using an optimal stimulus are crucial for comprehensive testing within the available cycle 
time. End-of-line testing has to cope with measurement conditions which do not comply 
with R&D standards (e.g., anechoic room) and ensure comparability within the specification 
limits (e.g., transfer by Golden Reference Units). Invalid measurements caused by 
unavoidable disturbances in a production environment must be detected and repeated. This 
leads to new techniques (e.g., noise immunity) increasing the robustness of the test.  
The measured physical variables and counts provided by end-of-line testing are the basis for 
process control. Trends and shifts must be detected early enough to adjust the process in 
time and to ensure a stable and capable production process (Six Sigma). Process control 
requires knowledge about the relationship between causes, symptoms and actions especially 
at automatic lines with continuous feedback and automatic adjustment of process 
parameters. One source of this knowledge is physical modeling provided by product 
development and applied to the particular requirements in manufacturing. A second source 
is the off-line diagnostic where a human operator investigates defective devices and extends 
the knowledge base continuously. This new task will replace manual handling and 
subjective evaluation which cannot meet modern requirement of 100 % testing of the 
products manufactured by an automated assembly line.  

9. References  

Andersen, B. (2006). Root cause analysis : simplified tools and techniques,  ISBN-13 : 978-0-87389-
892-4, American Society for Quality, Quality Press, Milwaukee,. 

ASTM (2009). Standard Practice for Conducting an Interlaboratory Study to Determine the 
Precision of a Test Method. American Society for Testing and Materials (ASTM), E691 
-09e1. 

Bendat, J. & Piersol, A. (1980). Engineering applications of correlation and spectral analysis, ISBN 
0-471-57055-9,  New York, Wiley-Interscience, 1993.  

Boashash,B. (2003). Time-Frequency Signal Analysis and Processing – A Comprehensive Reference, 
ISBN 0-08-044335-4, Elsevier Science, Oxford. 

Cabot, R. (1999). Fundamentals of Modern Audio Measurement, Journal of Audio Eng. 
Society, Vol. 47, Number 9, Sept. 1999. 

Fisher R.A. (1971). The Design of Experiments, ISBN 0028446909, 9th Edition, Macmillan. 
IEC (2006). Fault Tree Analysis, Edition 2.0. International Electrotechnical Commission. 

ISBN 2-8318-8918-9. IEC 61025 
Imai, M. (1997). Gemba Kaizen: A Commonsense, Low-Cost Approach to Management, 1st 

edition. McGraw-Hill. ISBN 0-07-031446-2. 
Irrgang, S. et. all (2006). Loudspeaker Testing at the Production Line. Preprint 6845 presented 

at the 120th Convention of Audio Eng. Society, May 2006.  
ITU (2001). Recommendation BS.1387: Method for objective measurements of perceived audio 

quality (PEAQ).  
Ishikawa, K. (1990). Introduction to Quality Control. ISBN 4-906224-61-X, Chapman and 

Hall, 1991.  
Klippel, W & Seidel, U. (2003). Measurement of Impulsive Distortion, Rub and Buzz and 

other Disturbances. Preprint 5734 presented at 114th Convention of the Audio Eng. 
Society, Amsterdam March 2003. 



 
Assembly Line – Theory and Practice 

 

206 

Klippel, W. (2006). Tutorial : Loudspeaker Nonlinearities - Causes, Parameters, Symptoms. 
Journal of Audio Eng. Soc. Vol. 54, Number 10, pp. 901-939. 

Klippel, W. & Schlechter, J. (2009). Fast Measurement of Motor Suspension Nonlinearities in 
Loudspeaker Manufacturing. Journal of Audio Eng. Soc., Vol. 58 Issue 3, pp. 115-125, 
March 2010. 

Klippel, W. & Werner, R. (2010). Measurement of Turbulent Air Noise Distortion in 
Loudspeaker Systems, presented at the 129th Convention of Audio Eng. Soc., San 
Francisco, November 2010, preprint 8174. 

KLIPPEL GmbH (2011), QC System – 100 % Testing in Manufacturing, 21.3.2011, Available 
from http://www.klippel.de/our-products/qc-system.html 

Kmenta, S. & Koshuke, I. (2004). Scenario-Based Failure Modes and Effects Analysis Using 
Expected Cost. Journal of Mechanical Design 126 (6): 1027, November 2004. 

Montgomery, D. (2005). Introduction to Statistical Quality Control. Hoboken, New Jersey: John 
Wiley & Sons, Inc. ISBN 9780471656319.  

Nelson, L. (1984). Technical Aids, Journal of Quality Technology 16, no. 4 (October 1984), 238-
239. 

Oppenheim A. & Schafer R. (2004).  From Frequency to Quefrency: A History of the 
Cepstrum,  IEEE Signal Processing Magazine, Vol. 21, Issue 5, Sept. 2004, S. 95-106 

Percival, D & Walden, A. (2000). Wavelet Methods for Time Series Analysis, Cambridge 
University Press, 2000, ISBN 0-5216-8508-7. 

WECO (1956). Statistical Quality Control handbook. (1 ed.), Western Electric Company, 
Indianapolis, Indiana: Western Electric Co., p. v, OCLC 33858387 

Wilkinson, L. (2006). Revising the Pareto Chart. The American Statistician 60: 332–334. 
Zadeh, L. (1987), Fuzzy Sets and Applications, Selected Papers.  Wiley & Sons, New York, 1987. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


