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There exist several researches and applications about laser welding monitoring and 
parameter control but not a single one have been created for controlling of laser scribing 
processes. Laser scribing is considered to be very fast and accurate process and thus it 
would be necessary to develop accurate turning and monitoring system for such a process. 
This research focuses on finding out whether it would be possible to develop real-time 
adaptive control for ultra-fast laser scribing processes utilizing spectrometer online 
monitoring. The thesis accurately presents how control code for laser parameter tuning is 
developed using National Instrument's LabVIEW and how spectrometer is being utilized in 
online monitoring. Results are based on behavior of the control code and accuracy of the 
spectrometer monitoring when scribing different steel materials. Finally control code 
success is being evaluated and possible development ideas for future are presented. 
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Laserhitsauksesta on olemassa useita tutkimuksia ja sovelluksia mutta laserkaiverruksen 
ohjaukseen ei ole tehty yhtäkään. Laserkaiverrus yleisesti on erittäin nopea ja tarkka 
prosessi ja siksi siihen on tärkeää kehittää tarkka säätävä monitorointisysteemi. Tutkimus 
keskittyy selvittämään, onko reaaliaikaisen mukautuvan ohjelman kehittäminen 
mahdollista ultranopeaan laserkaiverrusprosessiin hyödyntäen spektrometrimonitorointia. 
Tutkimus selittää tarkasti, kuinka mukautuva ohjaus kehitetään laserin käyttöön käyttäen 
National Instrument:n LabVIEW:tä, ja kuinka spektrometriä hyödynnetään 
reaaliaikamonitoroinnissa. Tulokset ja niiden tarkkuus pohjautuvat 
metallikaiverrustutkimuksiin laserin kontrollointiin kehitetyllä ohjelmalla ja 
spektrometrimonitoroinnilla. Lopuksi laserkontrolliohjelman onnistumista arvioidaan ja 
mahdollisia tulevaisuuden parannuksia esitetään. 
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1 INTRODUCTION 

 

 

This research was part of the European Commission funded project APPOLO (FP7-2013-

NMP-ICT-FOF) and LUT Laser activities in part of WP 8 section. APPOLO is a 

collaboration project between several European universities and it focuses on new laser 

processing applications that need to be customized, tested and validated for commercial 

use. This means customized service of application labs for trials, experiments at variable 

conditions, reliability and process quality assessment in the close-to-manufacturing 

environment through validation. Goal of the project is to exploit new applications and 

bring them to the wider public in academic application labs, equipment procedures, system 

integrators and finally to end-users. 

 

During research the most important target in APPOLO project was to monitor laser micro 

processes with very high quality and the focus of this research was on spectrometer 

monitoring and process control. Current laser industry, especially in laser engraving, lack 

of high quality process monitoring. Processes have been monitored and partially offline 

controlled, for example in laser welding, but since laser engraving is rather new field, there 

does not exist too many working solutions. Even bigger problem in laser engraving is total 

absence of process control. Currently it is done offline by turning the laser off and making 

changes. The biggest focus on this project was to develop functional and accurate process 

monitoring method and based on that to real time control the laser process itself. Process 

monitoring was done using Ocean Optics spectrometer with related equipment and the 

development of monitoring program and real time control was done using National 

Instruments equipment and software. This research will introduce all the needed equipment 

for monitoring of laser engraving and closely explain how to develop a real time control 

code for real time laser control using spectrometer. Research questions are if it is possible 

to online monitor laser engraving using spectrometer and if it is possible to real time 

control laser engraving using spectrometer. Rest of the introduction section will deal with 

previous researches related to laser process monitoring and laser process control. 
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1.1 Contributions 

This research carried out by Mika Ruutiainen (guiding Prof. Antti Salminen, supervisor Dr. 

Hamid Roozbahani) about "Real time adaptive control of ultra-fast laser scribing process 

with spectrometer online monitoring" will result into publication of a journal paper which 

will be published on 9th LANE 2016 - 9th International Photonics Conference, 19-22 

September 2016, City hall of Fürth, Rosenstraße 50, 90762 Fürth, Germany. Furthermore, 

one patent request will be sent of adaptive control for ultra-fast laser scribing process. 

Special mention to FTMC Vilnius of giving great possibility to test developed system in 

their laboratory for one week. 

 

1.2 Laser engraving 

Laser engraving can be described as a process where a laser beam is focused to a work 

piece surface which is removing material due to high power intensity. High power intensity 

makes material to vaporize and liquid is dispelled due to vapor pressure. There are some 

determining factors to create vaporization and melting: first of those is the interaction time 

of material being exposed by the laser pulse and the second is the maximum power of the 

laser pulse. It is generally known that large maximum power and exposure time of a 

material have strong dependency on the laser engraving. This is why short pulse laser are 

much more used than long pulse lasers. Nowadays nanosecond lasers are widely used but 

also shorter pulse lasers such as pico- and femtosecond lasers are more and more available. 

[1] Generally higher average power means higher productivity rate while making 

engraving quality less accurate [2]. Then again, ultrashort pulses in pico- and femtosecond 

lasers produce less heat which means less waste energy and less melting of the process 

material [3]. Longer pulse laser (nanosecond) has an effect that the thermal effect (heat-

affected zone) might greatly affect to the process material while shorter pulse lasers (pico- 

and femtosecond) have smaller effect. In laser engraving largely heated area is greatly 

affecting quality of a work piece. Longer pulses generally mean possibility of detrimental 

effect to the work piece or the components inside the work piece [4].  

 

Efficient engraving with nanosecond pulses appear to be matter of optimizing pulse length 

according to the application. In general fast processing speed (MRR) requires longer pulses 

and smaller heat-affected zone and better work quality require shorter pulses. Nowadays 

MRR is considered equally important with the other criteria. Thus based on application, 
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longer and shorter pulsed lasers should be compared. With shorter pulses the temperature 

eventually rises and with longer pulses it eventually decreases. As mentioned, also visual 

look is very different when using nanosecond laser and pico-/femtosecond lasers. For 

engraving process to be most efficient, the best way would be to use nanosecond laser for 

processing bulk material and then changing laser to pico-/femtosecond laser for better and 

cleaner accuracy to finish the product. [5] 

 

1.3 Process monitoring 

According to Purtonen et al. [6] "Process monitoring is used to acquire information about 

the process. Aim of monitoring is to improve reproducibility, assurance of reliability and 

quality of the process. Process monitoring can also be used for observing, experimenting 

and systematic gathering of data." Gathered information can then be used to improve 

understanding of the process and phenomena or to create quality control method, such as 

closed-loop control of the process. Usually quality control for laser process monitoring is 

done utilizing optical or acoustic methods of which optical methods are considered to be 

more common. Emission acquired by optical monitoring can be divided into radiation, 

acoustic emission and electromagnetic emission. According to Lott et al. [7], "back 

reflected laser radiation, plasma or metal vapor induced radiation and thermal radiation are 

the most common types of radiations to be monitored." Laser processing causes laser-

material interaction and methods for monitoring laser processes are generally based on 

understanding and reacting to consequent physical phenomena in according way. 

Monitoring method can be based on acoustic, optical, electrical or thermal operation [8]. 

 

1.4 Closed-loop real time control 

It should be noted that there are several different kinds of techniques for process 

monitoring and control of laser welding but not a single one have been created for laser 

engraving. That is why this section focuses on reviewing process monitoring and control of 

laser welding as it has similar principles to laser engraving monitoring and control. 

 

Several authors state, that emitted light from the welding interaction region is normally 

imaged onto the detector. Usually processing laser is split using suitable beam splitter so 

that the welding region can be viewed coaxially with the laser light [9-17]. Possible 
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feedback controls strategies have been demonstrated through the laser power control [16-

19], the focal point position [13-15,20,21] and the welding speed [17,19]. 

 

Maintaining focal point position with vision systems that involve triangulation 

computation is known to be possible. However, there are some drawbacks with such 

systems as they require good optical access to the work piece and at the same time they 

intervene the process. There are also other kinds of on-axis detection techniques that 

process radiation generated through the focusing optics delivered by optical fiber. Haran et 

al. [13] and Cobo et al. [15] claim that "the technique that exploits the chromatic 

aberrations in the optical elements, such that by a spectral analysis of the detected light, the 

focal error is derived." 

 

Postma et al. [17]demonstrated a power feedback control system that can maintain its full 

penetration depth in mild steel sheet processing throughout the whole process. They claim 

that "the feedback control system works in a way that a photodiode monitoring system 

measures the intensity of the weld pool emitted light which is transmitted through an 

optical fiber back to the laser source. "Before process, a reference weld has been set to the 

memory of the monitoring device to which new process values are compared to. However, 

the control had one flaw as there is a possibility for signal level of partially penetrated weld 

to be the same as for full penetration. This can lead into incorrect process parameter 

adjustments. The problem was solved by only switching the controller on after reaching the 

full penetration regime. Nevertheless, the controller suffered of occasionally instability if a 

strong distraction suddenly changed the process regime. [17] 

 

Moesen et al. [22] suggests that the problem variations due to local geometry influences in 

the melt pool can be overcome by two different approaches. First technique is to use prior 

knowledge of the part that is used combined with the experimental data. Information by 

these two factors can then be used to adapt the process parameters to match required 

standard. Authors call this method “feed-forward control”. However, this kind of technique 

require plenty of experimental data and also a software to detect local features of the melt 

pool. Another technique is to observe the melt pool and the work process by using optical 

sensors. Optical sensors are observing the melt pool and work process and the acquired 

data is fed to the adjusting feedback loop in real-time. Based on acquired information, it is 
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possible to adjust the process correctly to achieve required melt pool properties. For a 

feedback controller to be stable and robust, it is important to understand the dynamic 

sensor output and the process input parameters which are determined through experimental 

procedure. [22] 

 

1.5 Different kinds of optical methods 

Based on several articles, it can be said that the most used methods for monitoring laser 

processing are optical methods. Optical methods are based on light detectors which Kenny 

[23] divides into quantum detectors and thermal detectors. According to Bollig et al. [24], 

"sensors can further be divided into three groups: diode-based sensors, camera based 

sensors, light stripe systems." Furthermore Boillot et al. [25] states that, "optical systems 

can be divided into active (using external illumination) or passive (without external 

illumination) of which passive can be further divided into reflective or emissive systems." 

Generally used division of optical methods by various authors is a classification into three 

different methods: spatially resolved (cameras), spatially integrated (photodiodes) [7] or 

spectrally resolved (spectrometers) [26].  

 

Boillot et al. [25] lists several advantages for the optical methods: non-contact operation, 

versatility and possibility to have plenty of information regarding the spatial and spectral 

features coming from the optical output. Optical method is also usually considered to be 

useful based on visual aspect [27]. Nevertheless, optical method may sometimes be 

inaccurate. This is because of the gas or dust that may alternate the signal of temperature in 

the optical path [28]. Due to non-contact, optical method also provide very limited 

information about surface of the processed material [7].  

 

1.6 Spectroscopy and spectrometry 

Spectroscopy was developed to study radiation coming out of a matter. Spectroscopy is 

usually referred to dispersion of light based on dispersed wavelength, for example by a 

prism. However, spectroscopy can also be used to measure quantity as a function of 

frequency, referring response to an alternating field or varying frequency. The term 

spectrum is also related to spectroscopy and is also known as frequency. [29] 

 



14 
 

Spectrometry is one of the spectroscopic techniques and it is used for examining 

concentration of a matter. The device to do that is a spectrometer or a spectrograph. The 

most common use for spectrometry is in physical and analytical chemistry and it is used 

for identification of a matter. Identification is done by analyzing the emittance or 

absorbance by the substance. However, spectrometry can also be used for remote sensing 

which makes it very much used in astronomy. [29] 

 

1.6.1 Classification of methods and measurement process 

Spectroscopy can be divided into several different forms and the method depends on the 

quantity being measured. The most common quantity to be measured is intensity which can 

be divided into either energy absorbed or produced. According to Free Software 

Foundation Inc [29] the following describes different classifications of spectroscopy: 

• "Electromagnetic spectroscopy is used to measure electromagnetic radiation, 

such as light." 

• "Electron spectroscopy is used to measure electron beams. Typical variable of 

this measurement is the kinetic energy of the electron." 

• "Mass spectroscopy is used to measure the charged species with magnetic and/or 

electric fields." 

• "Acoustic spectroscopy is used to measure the frequency of sound." 

• "Dielectric spectroscopy is used to measure the frequency of an external electrical 

field." 

 

Mechanical spectroscopy is used to measure the frequency of an external mechanical 

stress which, for example, deals with torsion applied to a piece of material. "There are also 

several methods to measure different materials" [29].  The most common way to 

distinguish spectroscopic methods is to differentiate measurements into either atomic or 

molecular level based on to what spectroscopy is applied to. According to Free Software 

Foundation Inc. [29] the following describes different measurement processes of 

spectroscopy: 

• "Absorption spectroscopy is used for discovering certain ranges of 

electromagnetic spectra where a matter is able to absorb. This technique includes 

atomic absorption and several different molecular techniques dealing with region 

defined infrared spectroscopy and nuclear magnetic spectroscopy (NMR)." 
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• "Emission spectroscopy is used for discovering certain ranges of electromagnetic 

spectra where a matter radiates (emits). For radiation to be possible, a substance 

must first absorb energy. The absorbed energy can be found from various sources 

and the emission type determines name of the emission. It should be mentioned that 

emission spectroscopy include spectrofluorimetry." 

• "Scattering spectroscopy is used for measuring the amount of light scattered by a 

matter at certain wavelengths, incident angles, and polarization angles. Scattering 

spectroscopy is several times faster than absorption- or emission spectroscopy 

processes are. One of the most useful scattering spectroscopy techniques is called 

Raman spectroscopy. " 

 

1.7 Spectrometers and spectral analysis 

There are many different ways of developing of optical sensors but so far the most 

successful types are considered those that measure spatially integrated optical intensities. A 

good example of that is UV/VIS emission analysis which can be done using spectrometer 

[30,31]. According to Al-Azzawi [32] and Wolfe [33], "spectrometers can be considered as 

analytical instruments that are capable of measuring intensities of wavelengths from 

spectrum. Generally spectrometers are described based on their sensitivity, geometric, 

pathing configurations and how well spectral lines are resolved. "According to Khater [34], 

"a spectrometer is a monochromator of which exit slit is replaced by a multichannel 

detector interface. "Spectrometers are capable of measuring spectral ranges from gamma 

rays to micro waves but the most measured range is in the ultraviolet and infrared region 

[35]. In case of typical laser process, monitoring range covers ultraviolet and visible 

wavelengths. In these kind of cases usually grating of prism techniques are used in a 

spectrometer. 

 

General problem in detecting emitted light of the laser processing is due to plasma plume 

which is occurring due to high intensity power. Spectral analysis is one of the most cost-

effective and reliable methods in detecting spectrum from a plasma plume. This method is 

easy, non-process distracting and very inexpensive. It is also fairly easy to automate. 

Spectral analysis of laser processing is performed of the data acquired by a spectroscopy 

sensor. [36,37] In case of welding defects, electron temperature and electron density are 

the most useful data that can be calculated out of the plasma spectral intensity to predict 
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welding defects [38]. Spectral analysis can also be used for understanding better the laser 

process itself. One of the oldest applications of the spectroscopy analysis in the physics of 

plasma is electron temperature measurement which is mostly used for monitoring laser 

welding [39,40].   
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2 SPECTROMETER PROCESS MONITORING 

 

 

Chapter two explains initial equipment used on this research and initial tests carried out in 

the early stages before code development. End of chapter two focuses on discussing 

possibilities between different communication protocols leading to choosing the most 

optimal one. 

 

2.1 Spectrometer HR2000+ 

The spectrometer used in this research was HR2000+ High-Resolution miniature fiber 

optic spectrometer from Ocean Optics, which can go to as high resolution as 0.035nm. The 

spectrometer is capable of wavelengths from 200 - 1100nm but it should be noted that the 

range and resolution strongly depend on selected grating and entrance slit. This means that 

the wavelength range is not fully usable all the time. In this research the spectral range is 

from 200 to 650nm. The spectrometer has capability of transferring 1ms spectra 

continuously which makes the spectrometer possible to be utilized in online monitoring. 

[41] Figure 1 illustrates HR2000+ High Resolution Spectrometer and appendix 1 describes 

its specifications. 

 

 
Figure 1. HR2000+ High Resolution Spectrometer. 
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Due to its fairly wide wavelength range and rapid spectra transferring rate, the 

spectrometer is very suitable for use where fast reaction is needed to be observed, such as 

online measurements. The spectrometer has its own memory chip which contains 

calibration coefficients for wavelength, coefficients for linearity and unique serial number. 

Spectrometer is made to work with a software called SpectraSuite which reads the pre-

saved values from the memory chip of the spectrometer. [41] 

 

There are two possible ways of connecting a spectrometer to an operating system. One 

possibility is through a laptop or a PC via USB port. If this method is used, the 

spectrometer is powered by the host computer which eliminates external power supply 

requirements. If the spectrometer is connected to a PC through USB, all the measurements 

can be done in real time but possible transfer delay due to USB protocol might occur. This 

eliminates the possibility of online measuring unless a real-time industrial computer is 

used. There is also another way of connecting spectrometer to the operating system and it 

is done by using the HR4000 Break-Out Box by Ocean Optics. The spectrometer also has 

RS-232 connectivity for computers, PLCs and other RS-232 supporting devices. It should 

be noted that by using RS-232 serial port, an external power supply (unless spectrometer is 

connected to a PC) should be used which is able to power the spectrometer and the Break-

Out Box. By using the Break-Out Box, which is a passive module for separating signals 

from 30-pin port to different standard connectors, it is possible to connect the spectrometer 

to other devices as well. [41] 

 

2.1.1 SpectraSuite 

According to Ocean Optics [42] "SpectraSuite consists of several different modules that 

include data acquisition functions, scheduling functions, data functions and the rendering 

functions, and has compatibility with different operating systems. SpectraSuite is able to 

control any Ocean Optics USB spectrometer and device and is also capable of controlling 

all sorts of USB instrumentations as long as they are using appropriate drivers. "Appendix 

2 illustrates SpectraSuite having data acquisition on. 

 

There are three basic spectroscopic experiments that can be performed; absorbance, 

reflectance, emission and absolute irradiance measurements of which reflectance 

experiment is one utilized the most in laser industry. In addition to these, SpectraSuite also 
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allows signal processing that includes electrical dark-signal correction, stray light 

correction, box card pixel smoothing and signal averaging [42]. When starting 

experiments, SpectraSuite is set into Scope-mode which allows spectrometer to acquire 

raw data through the detector of which signal-conditioning parameters are being 

established. As previously mentioned, SpectraSuite is capable of viewing acquired data in 

real-time. User is able to see effects of the chosen setups and make possible corrective 

parametrical changes if needed. Effect and results can be seen directly. Depending on the 

connectivity of the spectrometer, data can be either saved to a PC or on-line tuned through 

industrial computers. [42] 

 

According to Ocean Optics [43], "SpectraSuite is also able to perform time-acquisition 

experiments for kinetics applications and as part of the time-acquisition function, 

monitoring and reporting up to six single wavelengths and up to two mathematical 

combinations of these wavelengths are available." It is also possible to perform reference 

monitoring in several ways; single wavelength, integrated intensity and wavelength-by-

wavelength. It should be noted that with SpectraSuite it is possible to set parameters for 

different system functions that include the following; data acquiring, designing the graph 

display and using spectra overlays [42]. A good and easy way is to import data from 

SpectraSuite to, for example Excel, and modify the data there. SpectraSuite also provides 

various software-controlled triggering options which can be, for example, laser firing or 

light source pulsing [42]. 

 

2.2 Initial experimental setup 

Initial experimental setup consisted of the spectrometer HR2000+ from Ocean Optics, an 

optical wire and a sensor attached to it, laser and its power source from Uniphase, a laptop 

and a mouse, a mirror to reflect laser light and a USB cable to connect the spectrometer to 

the laptop. Figure 2 illustrates the experimental setup and appendix3 describes components 

of the setup. 
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Figure 2. Experimental setup. 

 

2.2.1 Test one, hand laser 

The experimental setup was used for basic test measurements to ensure functionality of the 

setup. Test experiments consisted of two different tests; reflection- and relative irradiance 

tests. Reflection test was done using the spectrometer and sensor attached to the optical 

fiber, the laser and the power source. The laser was turned on focusing it to a mirror to 

reflect light. Reflected light was acquired by the spectrometer optical head and spectra was 

developed to SpectraSuite for analysis. Figure 3 illustrates collected spectra in 

SpectraSuite. 
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Figure 3. Collected spectra of a laser viewed in SpectraSuite. 

 

Laser light is very intense, coherent and dispersion is very small when no additional lenses 

are added and when focal lengths are short. Thus it can be seen that the collected spectra is 

at wavelength of 630nm (red light) with intensity of about 1200 which the laser 

manufacturer has announced. Smaller spikes along the wavelength axis can be noticed and 

understood as dispersions of reflection. However, dispersion in this case was very small 

due to short focal length. Performing the experiment was rather complicated because 

focusing spectrometer optical head to the freely moving laser was not easy. Thus 

spectrometer was very prone to external distractions leading to inaccurate results. 

 

2.2.2 Test two, candle 

Another test was performed by observing relative irradiance of a candle. This experiment 

consisted of the spectrometer and of the optical head attached to the optical fiber. A candle 

was observed spectrometer focused to it and the collected spectra was viewed in 

SpectraSuite for further analysis. Figure 4 illustrates collected spectra in SpectraSuite. 
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Figure 4. Collected of a candle viewed in SpectraSuite. 

 

It can be noticed that the wavelength range of the candle is larger than incase of the laser 

light because candle radiation is not that intense, it disperses a lot and is less coherent. 

Intensity starts to rise at wavelength of about 470nm and peaks at about 640nm. After that 

intensity suddenly drops. This is due to grating of the spectrometer which cannot process 

data after 650nm and due to color (intensity) of fire, which is turning more into orange. If 

larger range was required, the grating should be changed. In reality spectra would go a 

little longer, however, dropping as fast because the burning candle at its highest intensity 

point has wavelength of about 650-670nm. Otherwise the spectra curve is rather smooth 

and as expected. 

 

2.3 The Break-Out Box 

Initial idea was to use the Break-Out Box for on-line measurements. One end of the 

spectrometer would be connected to the laptop using USB for power source and the other 

end to the Break-Out Box using HR4-BB-CBL cable from Ocean optics. The Break-Out 

Box would directly be connected to the laptop using serial port. It should be noted that if 

serial port RS-232 (J4) of the Break-Out Box would be used, a separate external power 

source of 5V (ADC-USB-SER) should be used unless the setup is powered by USB 

connection from a pc or a laptop.  
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Idea was to connect the Break-Out Box to an industrial computer of dSpace utilizing serial 

port RS-232 (J4) because of good capability for customization. Designing software was 

supposed to be Matlab + Simulink by MathWorks and the final control would have been 

done in a software called Control Desk from dSpace. Matlab is a text based environment 

for code making and Simulink is graphical coding environment which means that all the 

blocks in Simulink already include necessary codes to be used. Both Matlab and Simulink 

can work simultaneously and data can be transferred between the two. Figure 5 illustrates 

the Break-Out Box connected to the spectrometer and figure 6 port connections of the 

Break-Out Box. 

 

 
Figure 5. Spectrometer connected to Break-out Box using serial cable HR4-BB-CBL. 

 

 
Figure 6. Port connections of the Break-out Box. 
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However, to be able to make a code for spectrometer using Matlab + Simulink, additional 

toolbox add-in called Instrument Control Toolbox should have been installed. 

Unfortunately that add-in was missing so LabVIEW of National Instrument was instead 

decided to be used as all of the required licenses were available. LabVIEW is graphical 

coding environment which means that all the used blocks and items in the software already 

include necessary codes. Another reason to change into LabVIEW environment was 

because other participants of APPOLO project in LUT were using LabVIEW. Thus 

integration of the equipment and developed codes would be easier. 

 

2.3.1 Initial tests with the Break-Out Box 

Simple codes for testing serial functionality of the break-out box were developed using 

LabVIEW 2013 (32Bit) and later LabVIEW 2014 (32Bit). Figure 7 illustrates a simple 

serial test in LabVIEW 2013. 

 

 
Figure 7. A simple serial test in LabVIEW 2014. 

 

In this serial test the initial serial port data had to be set correctly between the 

communicating partners (in this case the laptop and the spectrometer + Break-Out Box) 

and commands to be executed were written to the write buffer. Commands were executed 

in VISA serial blocks and the read buffer sent back the reply. However, the break-out box 

connected to the spectrometer never replied to any of the inquiries sent to the serial port. 

Also simple tunneling tests with different software were tested but nothing was received. 

This lead to believe that the Break-Out Box could have been broken. Simple signal 
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mapping was done using NI USB-6259 connecting platform to validate the signal 

functioning of the break-out box. Figure 8 illustrates NI USB-6259 connecting platform. 

 

 
Figure 8. NI USB-6259 connecting platform. 

 

Signal mapping proved the break-out box to be functional as volt output was received. 

However, returning signal from the laptop was not received which could indicate that part 

of the Break-Out Box to be broken. The Break-Out Box was sent back to Ocean Optics for 

a check but after receiving it back it still remained inoperative. 

 

2.4 USB connectivity of the spectrometer 

As serial connection was found to be malfunctioning, USB connection possibility was 

taken into consideration. USB can transfer data multiple times faster and more than 

conventional serial connection but USB can suffer from package delay in Windows 

environment. In real-time system this is not acceptable. Table 1 describes data transfer 

rates of different communication protocols. 
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Table 1. Data transfer rates of different connection protocols. 

 
 

Even if possible package delay could occur, USB 2.0 was still taken into consideration. 

Connection should be tested as the spectrometer will eventually end up being connected to 

the industrial computer where delay should be as low as possible. Test code for controlling 

the spectrometer through USB connection was developed using LabVIEW 2014. Test code 

was based on the code developed by Ocean Optics. Appendix 4 illustrates the test code. 

 

Basic idea of the code is that everything was built using wrappers (data is acquired by 

spectrometer and connected to the code using wrapper-block) that transfer acquired data 

from spectrometer to the LabVIEW environment. Transferred input data is in numeric 

form and it is changed into graphical output which can be viewed in a graph in real-time 

but with a very small delay due to Windows environment. The code was confirmed to be 

successfully working. Next step was to purchase a real-time capable industrial computer, in 

this case it was PXIe-8880 of National Instruments. 
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3 TEST EQUIPMENT 

 

 

3.1 Industrial computer NI PXIe-8880 

To be able to on-line monitor laser scribing processes, it is necessary to acquire data from 

the spectrometer in real-time. Industrial computer PXIe-8880 Embedded Controller from 

National Instruments was purchased for this project. According to National Instruments 

[43], "PXIe is a PC-based platform for measurement and automation systems. PXIe 

combines PCI electrical bus features with modular, Eurocard packaging of Compact PCI 

and then adds specialized synchronization buses and key software features. PXI 

deployment platform is used in applications such as manufacturing test, military and 

aerospace, machine monitoring, automotive and industrial test". Figure 9 illustrates PXIe-

8880 Embedded Controller. 

 

 
Figure 9. NI PXIe-8880 Embedded Controller 

 

Purpose of this unit is to handle all the necessary calculations related to data acquiring and 

equipment tuning. PXIe-8880 was purchased with NI 1483 Camera Link Adapter Module, 

NI PXIe 7966R FPGA Module, NI PXIe-8880 Real-Time Module and NI PXI-8430 Serial 

Port Module for better equipment integration. By default the PXIe already includes USB 

ports, Ethernet ports and display ports. [44] It should be noted that NI 1483 Camera Link 
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Adapter module and NI PXIe 7966R FPGA Module were used by APPOLO colleague 

Pekka Marttinen and were not used in this project. Appendices 5 and 6 describe more 

thoroughly the modules that were used in this project. 

 

National Instruments is offering several software that directly work with the PXI unit. 

However, all the software need to be integrated to work together. That can be done by 

setting all the necessary information to the PXIe-8880. First software to be used is NI 

MAX which is a platform to integrate devices of NI. As PXIe-8880 is connected to the 

laptop using Ethernet cable, the software should automatically recognize PXIe. As PXIe is 

recognized, drivers of the add-in modules and software should be deployed to the PXIe. 

Figures 10 and 11 illustrate how to deploy drivers to the PXIe. 

 

 
Figure 10. Data import to the PXIe-8880. 
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Figure 11. Deployment of the module drivers to the PXIe. 

 

Every NI equipment also require software so that they can be utilized. Software can be 

deployed to the PXIe in the similar way as drivers. Figures 12, 13 and 14 illustrate how to 

deploy software to the PXIe. 

 

 
Figure 12. Add/Remove of the software. 
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Figure 13. Selection of whether to install or uninstall the software. 

 

 
Figure 14. List of possible software to be installed or already installed. 

 

As all the required drivers and software were installed to the PXIe, it was ready for use. It 

should be noted that it is possible to update PXIe whenever needed or required. 
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3.1.1 Spectrometer deployment to the PXIe-8880 

As all of the drivers and modules were deployed to the PXIe, it was possible to start 

deploying LabVIEW projects. LabVIEW projects consist of single VIs (Virtual 

Instruments, representing real measuring instruments) that basically are code clusters 

created in LabVIEW. In this case the first VI to be tested was the spectrometer USB data 

acquiring code. However, since the PXIe does not have Windows-based operating system, 

it cannot directly read USB devices unless their drivers are deployed. Ocean Optics does 

not provide driver for the PXIe. However, drivers are provided for Windows environment 

and it was possible to utilize them for the PXIe. Drivers from Ocean Optics come with the 

product OmniDrive which is meant for customizing their own products. National 

instruments provide simple data type checker software called DLL checker, which states 

whether data type is suitable for real-time environment or not. Figure 15 illustrates DLL 

checker data check view. 

 

 
Figure 15. NI DLL checker. 

 

DLL checker is used for .dll files that are required to be “good” in type so that they can 

even possibly be deployed to the PXIe. Ocean Optics driver was “good” in data type so it 

was possible to try deploying driver as it was. All of the driver were directly deployed 

under the PXIe in LabVIEW project and after tweaking, it started to work. Figure 16 

illustrates deployed files to the project tree of LabVIEW. 
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Figure 16. Spectrometer USB driver deployed to the PXIe-8880. 

 

As all of the driver files were successfully deployed to the PXIe, also the code for USB 

control of the spectrometer could be deployed. It is good to note that everything deployed 

to the PXIe have very low latency meaning that everything works in real-time. Figure 17 

illustrates USB code for the spectrometer. 

 

 
Figure 17. USB code for the spectrometer. 

 

USB code was built based on USB VISA control which is certain instrumentation system 

controller in LabVIEW. Output in this case was chosen to be USB and data was acquired 

and displayed in graphical form. It should be noted that the acquired data can also be 

displayed in numeric form which later on should be used because laser control parameter 

tuning should be based on numerical output. 
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3.1.2 Spectrometer calibration 

When real-time monitoring is performed for laser scribing, a user has to be sure that all of 

the equipment are well calibrated. Spectrometer tend to lose its accuracy due to yearly 

decay and thus it should be re-calibrated every now and then. A good way to check and re-

calibrate a spectrometer is to use Ocean Optics HG-1 Mercury Argon calibration source to 

ensure consistency of the light source as it is standardized. Figure 18 illustrates the 

calibration source. 

 

 

 

 

 

 

 

Figure 18. Ocean Optics HG-1 Mercury Argon Calibration Source. 

 

Ocean Optics provides a simple guide for the spectrometer calibration check and re-

calibration if values are not too much off of the required. Table 2 shows values that 

spectrometer should meet to be exact. 

 

Table 2.Ocean Optics calibration values for HR2000+ spectrometer [45]. 
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Spectrometer calibration check is done in a way that the true wavelength value should be 

close to the given value at the corresponding pixel spot. According to Ocean Optics [45], 

calibration can be checked based on following equation: 

 

32 321 pppp CCCI +++=λ     (1) 

Where: 

λ = the wavelength of pixel p 

I = the wavelength of pixel 0 

C1 = the first coefficient (nm/pixel) 

C2 = the second coefficient (nm/pixel2) 

C3 = the third coefficient (nm/pixel3) 

Rλ= the third reference intensity at wavelength λ 

 

Based on equation 1 multiplications of pixels can be estimated and finally the wavelength 

and the difference can be predicted. The difference should be under ±0.3 for calibration to 

be exact enough. Spectrometer calibration check can be done using SpectraSuite from 

Ocean Optics. Appendices 7, 8 and 9 illustrate measured wavelengths at certain pixel 

spots. 

 

In appendix 7 the minimum peak width and the baseline were set so that enough peaks 

could be found to make accurate calibration check. At pixel spot 251 the wavelength was 

253.19nm. Compared to the value of the guide, wavelength 253.19nm should be at the 

pixel spot of 175. In the appendix 8 wavelength was checked at the pixel spot of 174. 

Corresponding wavelength is 235.09nm as it should have been around 253nm. Based on 

previous checks, it was noticed that the wavelength difference at certain pixel spots seemed 

to differ a lot compared to the guide values. Appendix 9 shows wavelength check at the 

pixel spot of 1021 to understand if the difference increased even more when observing 

higher wavelengths. At the pixel spot 1021 the wavelength was 430.37nm as by the guide 

it should be 546.07nm. It was understood that the difference increased even more at higher 

wavelengths. Based on the results of calibration check the spectrometer was decided to be 

sent for re-calibration to Ocean Optics. Re-calibration data sheets can be found of 

appendices 10 and 11. 
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3.2 Research equipment 

The laser equipment consist of an IPG ytterbium pulsed fiber laser of 20W maximum 

average power + its power sources, Scanlab RTC 4 interface card, Scanlab Hurryscan 14 II 

scanner head and Scanlab camera adapter. Before this research, the laser was controlled by 

a PC in LUT Laser laboratory. The laser was connected to the PC through serial 

connection. The PC also has RTC 4 Interface board to control the scanner head. The 

scanner head is used to control movement and speed of the mirrors inside the scanner head. 

Mirrors are focusing laser through focusing lens to the required spots and pathing. The 

laser was controlled using YLP C-series control utility software from IPG, the scanner 

head and the laser parameters were controlled using SAMLight version 3.0.5 build-0582 

by SCAPS. Following section is describing the research equipment used in the research, 

starting of the laser. Appendix 12 describes specifications of Ytterbium pulsed fiber laser 

YLPM-1-4x200-20-20and figure 19 illustrates the laser and its power source. 

 

 
Figure 19. IPG 20 W ytterbium pulsed fiber laser and its power sources. 

 

Scanlab RTC4 interface card 

According to Scanlab [47], "the RTC4 PC interface card from Scanlab is designed for real-

time control of scan heads and lasers via PC with PCI bus interface. The card is based on a 

fast digital signal processor (DSP) system providing full real time control for a wide range 
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of applications. "Driver of RTC4 provides a set of control commands which can be utilized 

through SAMLIGHT by Scanlab. Due to design of RTC4, it is able to store and process 

commands independently of the host PC, which allows real-time scan head and laser 

control even if a PC has to run other tasks. RTC4 can be used with commonly used lasers 

and offers various laser control signals. The RTC 4 offers four different laser control 

modes and also possibility to user customize output signals. [47] Appendix 13 describes 

specifications of RTC4 and figure 20 illustrates RTC 4 card. 

 

 
Figure 20. RTC 4 card. 

 

ScanlabHurryscan 14 II scanner head 

Hurryscan 14 II scanner head is very optimal for nearly all challenges found in industrial 

laser materials processing. The scan head is mechanically and electrically inter-compatible 

and have range for various levels of dynamics. Integrated temperature stabilization ensure 

high long-term stability and low drift values. The advantage of this scanner is that it 

optimally combine top speed and very high precision. Marking speed can exceed over 

1000 characters per second. [48] Appendices 14 and 15 describes specifications of Scanlab 

Hurryscan 14 II scanner head and appendix 16 dimensions and parts of the scan head. 

 

Scanlab camera adapter 

By using camera adapter, it is possible to do process observation through galvanometer 

scan head. The original purpose of this adapter is to observe process through a camera. 

However, in this research it is done by a spectrometer. The adapter is placed between the 

scan head and the laser flange so that it is possible to observe laser light pathing 

perpendicularly during laser processing. This allows process control or detection of work 

piece positions and orientations. Installment of the adapter is possible to be done in four 
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different locations which enables easy integration to the system. To observe the working 

plane, light arriving from there is decoupled in the adapter via a beam splitter for imaging 

by sensors. This also means that the laser radiation does not suffer of any distractions on its 

way to the scan system. [49] Appendix 17 illustrates dimensions and parts of the camera 

adapter and table 3 describe typical optical configuration with the scan head. 

 

Table 3.Typical optical configurations with scan head [49]. 

 
 

Camera adapter is a necessary installment as laser pathing needs to be observed through 

laser focusing mirrors inside the scanner head. By observing the mirrors, it is possible to 

acquire data using spectrometer by only observing laser pathing through mirrors. However, 

since the camera adapter has standard C-mounting for equipment attachment, it was 

necessary to design and manufacture suitable adapter for the spectrometer optical head 

attachment. Figure 21 illustrates CAD drawing of the adapter and the actual manufactured 

adapter. 
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Figure 21. CAD drawing of the adapter and the manufactured adapter. 

 

3.3 Confirming serial functionality of the IPG laser 

Purpose of this study was to make a control code for the laser and the spectrometer, 

independent of the manufacturer software. In the research a laptop was utilized and RTC 4 

interface card could not directly be inserted to the laptop. That meant the RTC 4 card to 

remain in the PC which meant that the scanner head was still being controlled by the PC. 

Basically this meant controlling movement of the mirrors. However, since the laser was 

controlled through serial protocol, which the project laptop also includes, code for laser 

control could be developed. 

 

IPG laser manual explains how to control laser based on serial communication. 

Communication is done in American Standard code for Information Interchange - form 

(ASCII). Serial communication works in a way that commands are sent to the working 

device which return values back to the controlling device. This allows direct query of the 

data which enables setting the commands. After the laser was connected to the laptop 

through serial, communication was tested using Hercules software which is a program to 

test connections of different devices. In this case it was used to test serial connection. 
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When serial connection is used, it is most important to know the correct port to which the 

device is attached, the correct BAUD rate (how fast a device is able to transfer and 

transmit data), data size, parity, handshake and mode. All of the information were stated in 

the manual of IPG. When setting up serial parity, both the laptop in Windows environment 

and the laser have to have the same serial values for connection to be successful. As serial 

connection was proven to be successful, it was possible to move into LabVIEW 

environment to start developing own control code for the laser control. Following explains 

how to setup serial parity and how the laser can be read and commanded. Appendix 18 

describes query and command codes for the laser. 

 

According to IPG Laser [50] the RS-232C command structure description is as follows: 

1. "Initialization of RS-232: 

o BAUD rate: 56700 bits per second 

o Parity / flow control: none 

o Start / stop bits: 8 data bits, 1 start bit and 1 stop bit" 

2. "Firmware command structure (ASCII codes for symbols): 

o [$] [Command code] [;] [Optional parameters separated by semicolon] [CR 

symbol (Hexadecimal 0D)]" 

3. "Laser reply structure: 

o [Command code] [;] [Return values separated by semicolon] [CR symbol 

(Hexadecimal 0D)]" 

4. "The command code is a decimal ASCII representation of a number individual for 

each command. The list of command numbers is shown in the table." 

5. "Command parameter is a text string. If the parameter is a numerical value, it 

should be converted into a decimal ACII string." 

6. "The returned value is a text string. If the requested value is numerical, the opposite 

conversion from text string to the numerical value is required. 

7. "All commands should be terminated by “Carriage Return” symbol, hexadecimal 

value “0D”. The RS-232C buffer of the laser receives bytes until the CR symbol 

occurs. All bytes before this symbol are interpreted as a command. Bytes after CR 

until next CR will be interpreted as a next command." 

8. "For all “set” commands device returns as the parameter “Y” if the command was 

successfully executed and “N” if the command was not executed." 
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9. "For all strings sent to the laser, which were not recognized as valid commands, the 

laser sends “E” as parameter." 

10. "After switching on electrical power device state is the following: 

o Pulse repetition rate: nominal PRR 

o EE and EM are in OFF state 

o Set power is 0" 

 

Simple serial tests in LabVIEW were performed to confirm functionality of the laser. For 

example, command $5 was sent to the laser to query temperature of the laser module. The 

command was sent in ASCII form, as requested, and the laser replied in numeric form. It is 

good to note that this is only a simple query command as it is also possible to set laser 

parameters through set commands. Figure 7 was illustrated on page 24 and the serial test in 

LabVIEW was done using the same code. As serial code was proven to be functional in 

LabVIEW Windows environment, it was easy to deploy serial code to the PXIe as it 

directly understands serial protocol if correct serial module is installed. This is due to 

VISA communication protocol which LabVIEW uses in both Windows and real-time 

environments.  
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4 REAL TIME LASER PROCESS CONTROL 

 

 

4.1 On-line monitoring and real time control of a system 

On-line monitoring can be described in different ways but in system engineering a system 

monitor is a process which is part of a distributed system for collecting and storing state 

data. According to Control Theory [51], "for a system to be considered online, it has to 

fulfill one of the following requirements: 

- Under the direct control of another device 

- Under the direct control of the system with which it is associated 

- Available for immediate use on demand by the system without human intervention" 

 

Real-time control system can be described as an architecture and methodology to develop 

an intelligent system out of several online sub systems. Control theory is usually applied to 

the real-time control systems as control theory is a branch of engineering and mathematics 

that deals with the behavior of dynamic systems with inputs. [51] Figure 22 illustrates a 

Single Input Single Output (SISO) system. 

 

 
Figure 22. Single Input Single Output (SISO) system. 

 

This means applying input to cause system variables to change into different desired 

values. Input amount is not limited to only one as a system could have several inputs and 

outputs. It should be noted that also disturbances might affect the system as a type of non-

expected input, a distraction. [51] Figure 23 illustrates a Multiple Input Multiple Output 

(MIMO) system. 
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Figure 23. A system with several inputs and outputs (MIMO) under effect of disturbances. 

 

Inputs can be fed to the control loop by different sensors as their outputs and the method is 

then called intelligent data acquisition. Usual way of processing sensor data is to send it to 

a central control system, which analysis the data in real time and finds the best command 

to the processing equipment for optimizing the process. [51] Generally control systems can 

be divided into two different kinds of control systems that are explained in the following 

sub section. 

 

Open loop control system 

An open loop controller is kind of a controller which computes its current state and model 

to the system as an input without having feedback of the system state. Currently open loop 

control systems are the most used control types in laser industry. [51] Figure 24 illustrates 

an open loop control system. 

 

 
Figure 24. Open loop control system. 
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Closed loop control system 

A closed loop control system basically is an open loop control system with one or more 

feedback loops. That is why closed loop control systems are also known as feedback 

control systems. The closed loop utilizes open loop system to forward information and also 

has feedback loops from its outputs and inputs. The term feedback comes from returned 

data which, for example, have been acquired by different sensors and the data has been fed 

back as an input to the control loop for the system adjustment. [51] Figure 25 illustrates a 

closed loop control system. 

 

 
Figure 25. Closed loop control system. 

 

4.1.1 Control design methodology 

There is a certain global way of designing a real-time control system. The method starts 

with describing the mathematical model of a process to be designed and it is used to 

simulate the behavior of the real process. In this virtual simulation the behavior is observed 

and if it behaves as a real system based on system inputs, then it is called model simulator. 

When the designed model is behaving as required, a controller can be designed. A 

controller can be linear, non-linear or just logic controller. As controller has been 

approved, based on the mathematical method used in the control design, an algorithm can 

be designed. The algorithm should be designed so that it would be able to control the 

dynamics of the model with as minimal error as possible. If the system error converges to 

zero, the controller can be called a satisfying controller. This is what the controller design 

should aim at and the process should be repeated as long as the required state is reached. 

At the end of controller design, the requirement analysis to ensure performance of the 

controller should be done. In this analysis the controller should be tested with various 
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parameters to ensure the functionality of the controller in as many cases as possible. [51] 

Figure 26 illustrates control design methodology. 

 

 

 
Figure 26. Control design methodology. 

 

4.2 The control code 1.0 

To be able to make control code for the laser, both the spectrometer code and the laser 

querying / commanding codes had to be ready and deployed to the PXIe project. 

Fundamental idea was that it would be possible to read and set parameters and also to 

remotely turn on and off the guide laser and the processing laser itself. Building of the 

code started of setting serial connection between the PXIe and the laser while the laptop 

was connected to PXIe using Ethernet cable. Idea was that everything would be user-

controlled through the laptop while all the calculations would be performed in the PXIe. 

Serial connection functions in a way that only one command can be sent and received at 

the time. This meant that every command had to be coded in a way that only one can be 

executed at the time and wait until it had finished to execute a new one. It is important to 

note that every command had to be in ASCII form so that the laser was able to understand 

them. Also, baud rate defines the amount of data being sent and received so it had to be 

correctly set with all the other serial information. Appendix 19 illustrates serial 

initialization + commanding part of the laser. 

 

It should be noted that Appendix 19 only partially shows the code as there are 17 different 

commands coded for the laser. This means that the code is a lot larger than what can be 

seen. As mentioned, the command codes are done so that only one command can be sent at 
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once and the reply has to be waited before making a new one. The problem was solved 

using case structures with time delay. This means that in user interface a button has to be 

pressed to activate related command. After activation the case structure changes into 

“True” state while all the other commands stay inactive in “False” state. Execution delay 

can be set if serial port cannot process data fast enough and provide false values. 

Commands are being executed at the end part of the code which figure 27 illustrates. 

 

 
Figure 27. Command execution. 

 

Commands are sent to the “Bytes at Port” block which is counting amount of the data and 

validating the data type. Then commands are forwarded to the VISA serial block which 

turn the data into desired output and communicates with NI equipment. In this case the 

output is response of the laser which can be seen in the command window in user-

interface. There is also another output which is “Bytes returned from the serial port” that 

basically in this case is for validating that the serial communication works. This case 

structure is active all the time so that the commands can be executed. 

 

There are five different commands that are for the laser parameter adjusting purpose. The 

first of them is parameter adjusting initialization command which has to be set on before 

any other parameter can be set. Other three parameters are the actual set commands to 

adjust the laser parameters. The first of those three is laser beam pulse duration, the second 

is operating pulse repetition rate and the third one is operating power of the laser. The fifth 

command is for saving of the parameters to memory of the laser. Set parameters are 

slightly different than read parameters even if both of the code parts are done under case 



46 
 

structure and are initialized as required. First and second set parameters (operating pulse 

repetition rate and optical pulse length (time) are coded independently and all the accepted 

parameters were set in the dropdown menu. This is because these parameters should be set 

before the actual laser processing even if it would be possible to tune operating pulse 

repetition rate while laser processing is on. Reason to that is that both of the values should 

be in relation to each other so that processing is as effective and efficient as possible. The 

third set command about laser power can be adjusted in real-time while laser processing is 

on.  Figure 28 illustrates an example of the parameters set in dropdown menu. 

 

 
Figure 28. Example of possible parameter set to dropdown menu. 

 

In this example possible pulse repetition rates have been listed and user can choose correct 

values of the dropdown menu. As mentioned, the control code is able to adjust laser power 

output in real-time. To be able to do this, spectrometer output has to be connected to the 

case structure of the laser power control. Idea was that there would be several different 

intensity ranges that would be connected to the certain power outputs. For example ranges 

could be as following: if the spectrometer is acquiring intensity of 1500W/m², the 

corresponding power output would be 60% equaling 12W and then again at intensity of 

3000W/m², the corresponding power output would be 30% equaling 6W. Power output 

range related to the intensity range has to be wide enough for laser tuning to be efficient 

and accurate. Appendix 20 illustrates spectrometer output connected to the laser power 

control case structure. 
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In appendix 20 the spectrometer code is numbered as one and it has been connected to the 

laser power control case structure numbered as two. Spectrometer code is the same as 

previously explained. The laser power control code has been built so that there is a 

LabVIEW block called “Combo Box” which is developed so that it selects corresponding 

power output related to the acquired input data of the spectrometer. Otherwise the case 

structure works as every other case structure in this code. Important to note is that the 

spectrometer is constantly acquiring data and it is fed as input to the laser control code. 

The laser control commands are only initialized at request. There is also user interface 

where user can control the laser without understanding the code itself. Appendix 21 

illustrates the user interface in LabVIEW. 

 

In appendix 21 the first thing to be pointed out is start and stop of the code. At the control 

code 1.0 the code had to be turned on and off for serial commands to go through to the 

laser. This meant shortstop in the spectrometer data acquisition as it was also stopped. This 

is something which was needed to be developed further in code 2.0 so that the code would 

perform this automatically. Starting and stopping the code made code 1.0 only semi-real-

time. Number two is the set of read commands that are query commands for the laser. In 

appendix 18 temperature of the laser was queried and pointed 27.1 degree of Celsius. 

Number three is set commands that are for laser parameter tuning. As mentioned, the 

spectrometer output is fed as an input to the operating power case structure and the 

operating power is changing based on the input. Spectrometer data input can be seen as 

number six. Number four is the laser initiation commands that basically control the guide 

laser and the processing laser. It should be noted that the guide laser cannot be on while the 

processing laser is. Number five is response of the laser which shows result of the query 

and set command. VISA resource name can be seen on blue and it shows the connection 

method and port where serial cable is connected in the PXIe. It is also possible to view 

graphical output of the spectrometer which figure 29 illustrates. 
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Figure 29. Example of spectrometer data acquiring in waveform graph. 

 

It should be noted that due to grating used in the spectrometer, the current wavelength it 

shows is from 180 to 650 nm. By changing the grating the wavelength range could be 

changed from 650 to 1100 nm. However, in this project the current range is enough. 

Example illustrated in figure 31 was taken of sheet stainless steel scribing process. 

 

4.3 The control code 2.0 

As problems of the control code 1.0 had been discovered, it was possible to start 

developing improved version of the code. Two flaws of the code 1.0 were semi-real-time 

control of the laser and acquired mean value of the intensity instead of highest intensity 

peaks. It should be noted that in the code 2.0 the fundamental structure of the code 

remained the same which means that every command is executed in the same way as in the 

code 1.0. Figure 30 illustrates modified spectrometer USB control part of the code which 

affects real-time capability of the whole control code. 
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Figure 30. Modified USB control for the spectrometer. 

 

Difference to previous USB code part was that the spectrum was now acquired by pixels 

instead of mean value. The changed part can be seen as number one in figure 30. However, 

the USB code part was connected to the case structure controlling corresponding power 

value which did not accept array values inside the case structure. This posed a problem 

which was solved by changing the collected spectrum by pixels into single pixel values of 

which desired value could be chosen. LabVIEW provides a block called Array to do that. 

Possibilities to be chosen were max intensity value, max index value, min intensity value 

and min index value. In this case max intensity value was chosen. Spectrum by pixels 

block divides the acquired spectra into about 2000 (based on Ocean Optics pixel division) 

pixels with corresponding wavelength values. The array block with the max intensity set 

searches the highest intensity peak among divided pixels and then feeds the highest value 

to the laser power control case structure which correspondingly tunes the power amount. 

These changes made discovering highest intensity peaks possible. 

 

The second problem was about semi-real time control of the laser. It was discovered that 

the problem was due to serial connection as it required stopping and restarting of the code 

for commands to be executed. It was also noticed that the code should repeat the command 

twice before it was executed. This is because the command needed first to be sent to the 

laser and the laser had to reply the query and after that the command could be executed. 

Real-time control structure as number 2 in figure 30 was also created inside the 

spectrometer USB control structure. This was done due to reason that the spectrometer was 
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constantly acquiring data without stopping. Because of this reason it was not even possible 

to stop the code and thus made serial communication impossible. The problem was solved 

by making time control for the spectrometer which kind of restarts the data acquisition 

based on the set time in Time Target block. Reset time was set to be 0.1s (time can be 

tuned to be anything) which auto-restarts data acquisition very fast. Elapsed time block 

shows how much time is left until restart although in this case it does not have effect. Stop 

block can be used to manually restart data acquisition. A clock and number one indicates 

how fast the spectrometer acquires data. In this case data is acquired every 1millisecond. 

 

These two changes still did not solve the problem with serial command execution. The 

code did not even function properly as it was not possible to manually stop and restart the 

control code between automatic restart of the spectrometer USB code. This problem was 

solved using For Loop which enveloped the whole control code. For Loop can be set such 

that the codes inside execute certain number of times. As earlier mentioned, it is necessary 

to execute laser control commands twice for command to come in effect. Thus the For 

Loop was set to execute twice in relation to spectrometer USB control. This meant that the 

serial command to be executed was executed once as the spectrometer restarted data 

acquisition and again after 0,1s. This meant that the serial code was executed in 0,2s after 

pressing a button in user interface. This change enabled the control code to work in real 

time. Appendix 22 illustrates For Loop structure enclosing the whole control code with the 

set execution amount of two. After making changes to the code it was possible to also see 

changes in the user interface. Appendix 23 illustrates the new user interface. 

 

The difference in this new user interface to the older version is that the code has to be set 

into constant run so that the For Loop and spectrometer USB control work in relation to 

each other. Stopping of the code now works by pushing stop button in the software. 

Constant run and stop button can be seen as number one. Stop button in the interface only 

restarts data acquisition of the spectrometer. Number two illustrates Spectrum by pixels (it 

is not actually necessary to see any numbers there as the control is done automatically, 

values can be viewed if wanted), Time Target is for setting restart cycle of the 

spectrometer data acquisition and elapsed time shows the amount of time left until restart. 

Otherwise the control code works as on previous version 1.0; user presses a button which 

is turning into green and after that the command is executed. 
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5 FINAL TESTS 

 

 

Experiments were carried out in two parts. First experiments were performed after the 

spectrometer was confirmed to be functional and when it was possible to semi-real-time 

tune the laser parameters with the laser control code 1.0, both in the PXIe. The second 

experiment part focused on real time laser control with the control code 2.0. 

 

5.1 First experiments with the control code 1.0, initial research setup 

Tests were started by modifying the test table to be suitable for the experiments. Figure 31 

illustrates the test table. 

 

Figure 31. The test table. 

 

Test equipment consisted of the scan head and scan head adapter from Scanlab, the 

manufactured spectrometer adapter and the spectrometer from Ocean Optics, IPG 20W 

ytterbium pulsed laser, and illumination laser from CaviLux (was not used in these 

experiments).The material used in this test was stainless steel SS304L plate, 100x50x6mm3 

in size. The composition of SS304L is C 0.03% max, Mn 2.00% max, P 0.045% max, S 
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0.03% max, Si 0.75% max, Cr 18.0-20.0% max, Ni 8.0-12.0% max and N 0.1% max. All 

of the tests were performed while the laser beam was moving within 4x4mm2 rectangular 

shape. The hatching space was 0.22mm in one dimension and contour of the shape was not 

included. Figure 32 illustrates the beam hatch shape. 

 

 
Figure 32. Beam hatch shape. 

 

It should be noted that the same kind of hatch shape was used in every experiment but 

dimensions of the figure are not in scale. Tests had default laser parameters which were 

used during experiments, unless otherwise mentioned. The default laser parameters were as 

following: laser power 20W, pulse length 4ns, laser beam scanning speed 1000mm/s, pulse 

repetition rate 1000kHz. Most of the tests were carried out so that only one laser parameter 

was changed at the time while other values were kept constant. One experiment took about 

one second to perform with the default parameters. These tests were carried out based on 

parameters and tests by previous APPOLO researcher Matti Manninen from Lappeenranta 

University of Technology. Test results were compared to see if the spectrometer behaved 

correctly in semi-real-time environment while the laser control code 1.0was utilized. 

 

5.1.1 Repeatability 

Repeatability of the spectrometer readings were tested by using default laser parameters 

and repeating the same experiment six times. Figure 33 illustrates the repeatability test 

results. 
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Figure 33. Repeatability test results. 

 

Intensity deviation was measured by the intensity sum of all intensities along the 

wavelength range (193nm–643nm) for each test. In total that made six intensity sums and 

the lowest sum and the highest sum were compared. Intensity sum ranged from 1568357 

AU to 1585605 AU. Difference between the intensity sums is 17248 AU which is c.a. 

0.0109%. Intensities were measured so that the control code was stopped after two seconds 

and the spectra was saved in numeric form. Of the numeric output it was possible to 

calculate mean intensity sums. Based on these results it can be concluded that the 

spectrometer measurement is very reliable and repeatable as well as the process. 

 

5.1.2 Effect of laser power 

The second test was laser power test in which the effect of laser power in radiation 

intensity was tested. This test was carried out by varying the laser power from 2W to 20W 

in 2W increments. Other parameters remained default. Figure 34 illustrates the effect of 

laser power test results. 
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Figure 34. Effect of the laser power. 

 

Of the graph can be understood that the radiation intensity increases with the increase of 

laser power. It appears that with power of 2W and 4W the difference in radiation intensity 

is fairly minimal but when moved to higher power, starting from 6W, the radiation 

intensity increase appears to be c.a. 150 units per watt of the laser power until 20W power. 

This means almost linear intensity increase with the increase of laser power. It should be 

noted that the spectrometer is very sensitive, which could be seen by constantly changing 

spectra. However, based on results the power increase or diminish can be observed with 

good accuracy. 

 

5.1.3 Effect of the pulse length 

The third test was about effect of the pulse length where sensitivity to different pulse 

lengths was tested. Sensitivity was tested by changing the pulse length with corresponding 

nominal pulse repetition rate. It is important to adjust corresponding nominal pulse 

repetition rate to pulse length so that the highest pulse energy for each pulse can be 
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acquired and the average power can be kept constant. Other parameters were kept default. 

Figure 35 illustrates the effect of pulse length test results. 

 

 
Figure 35. Effect of pulse length test results. 

 

Tests consisted of several different pulse lengths and their nominal pulse repetition rates. 

Parameters were as following: 4ns with 500kHz, 8ns with 200kHz, 14ns with 125kHz, 

20ns with 105kHz, 30ns with 85kHz, 50ns with 60kHz, 100ns with 40kHz, 200ns with 

20kHz. Corresponding pulse energies in mill joules were: 0.04, 0.1, 0.16, 0.19, 0.235, 0.33, 

0.5 and 1. At wavelength 550nm the intensities of shortest pulse length (4ns) and the 

longest pulse length (200ns) were c.a. 1650 AU and c.a.3050AU. The difference is c.a. 

1400 AU which is fairly significant difference. It can be understood that the laser scribing 

efficiency is very dependable on correct ratio of pulse length and pulse repetition rate. The 

maximal scribing efficiency is reached at 200ns pulse length and 20kHz pulse repetition 

rate, although making scribing quality worse. Then again, when pulse length is 4ns and 

pulse repetition rate 200kHz, the scribing is very weak although good in quality. Of this 
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can be understood that the spectrometer is very sensitive to the pulse length and pulse 

repetition rate. 

 

5.1.4 Effect of focal point position 

The fourth test was about the effect of focal point position in which the focal plane level 

compared to work piece surface was changed. The variation was ±2mm in 0.5mm 

increments while the base level was at 126mm. Sign + indicates that the focal position is 

above the surface of the work piece and sign – indicates that it is below the surface. Figure 

36 illustrates effect of focal position results. 

 

 
Figure 36. Effect of focal position test results. 

 

It should be noted that the focal position was changed by a screw by which it was possible 

to lift and lower the scan head. The accuracy of the screw was not the most optimal so the 

results of this test are not as accurate as other test results. However, it could clearly be 

noticed that even a slight difference in focal point already changed the scribing process as 

it could be visually seen very well. When starting the adjusting from 124.0mm, it could be 

seen that the intensity was very low and the scribing was very un-efficient. However, by 

adjusting the screw at 0.5mm increments, it could be noticed that the intensity of the 
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process became much higher and the scribing reached the maximum efficiency at 

126.5mm. After that the focal point became too long and the intensity started to lower. At 

128.0mm the effect was much alike to 124mm focal point. Of these results it can be 

understood that the spectrometer is very sensitive to the laser beam focus. 

 

5.2 Second experiments with the control code 2.0 

Second experiments were performed to test real-time capability of the laser control code 

2.0. Experiments were started by choosing two different materials to see how the control 

code behaved when scribing moved from one material to another. Materials were chosen to 

be stainless steel SS304L and steel S355. Material properties of SS304L were as following: 

C 0.03% max, Mn 2.00% max, P 0.045% max, S 0.03% max, Si 0.75% max, Cr 18.0-

20.0% max, Ni 8.0-12.0% max and N 0.1% max. Material properties of S355 were as 

following: C 0.23% max, Mn 1.60% max, P 0.05% max, S 0.05% max and Si 0.05% max. 

Beam hatch shape was rectangular with dimensions of 40x10mm2 with 0.8mm horizontal 

hatch space.  Figure 37 illustrates the beam hatch shape. 

 

 
Figure 37. Beam hatch shape. 

 

SS304L and S355 plates were welded together of the upper right and left edges (S355 on 

the left and SS304L on the right) and the rectangular shape was scribed so that half of the 

shape was on SS304L and the other half on S355. Figure 38 illustrates plates welded 

together and the test scribing on the surfaces. 
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Figure 38. Test scribing on the surface of SS304L and S355. 

 

It was important that the plates were welded on the same level as experiment one stated the 

importance of focal length; even half millimeter difference has a great significance. During 

tests pulse duration was kept on 200ns and pulse repetition rate at 20kHz, only laser power 

level was automatically adjusted based on intensity level. When scribing was initiated, it 

could be clearly seen how intensity changed between materials. Scribing on SS304L 

sparkled a lot more than scribing on S355. When scribing produced sparkling, the intensity 

level was a lot higher. Then again S355 scribing was a lot less sparkling and the acquired 

intensity was lower. However, due to nature of utilized pulsed laser, the intensity on 

SS304L kept fluctuating from very low intensity to high intensity based on laser pulses. 

The same also happened with S355 but due to low intensity amount it was not that 

significant (base intensity level of spectrometer data acquiring was around 800nm with 

S355). Intensity difference of S355 and SS304L was significant as intensity on 

S355fluctuatedbetween 750 to 900AU and on SS304L intensity was at the highest around 

1400 AU but due to fluctuation it also momentarily was around 800 AU. This made real-

time laser power control very difficult. On the other hand the code worked as planned as 

power was increased on lower intensities and decreased on higher intensities. The problem 

range was around 800 AU. On SS304L the power was normally tuned correctly for 1400 

AU but, as mentioned, due to fluctuation the intensity was also momentarily around 800 
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AU. After 800 AU. The intensity raised back to normal 1400 AU. The code could not 

decide whether to adjust power level to higher or to decrease it. Thus the power kept 

fluctuating from high to low amount. Intensity ranges according to power levels can be 

tuned as required (for example to lower intensity ramps) but that does not exclude the 

problem with fluctuation. On S355 this problem did not occur as intensity was around 750 

to 900 AU so the power control remained fairly stable. After all the code instantly adjusted 

power in relation to set intensity values so the code worked as intended even if it was 

fluctuating. Figures 39 and 40 show the differences in intensities of S355 and SS304L. 

 

 
Figure 39. SS304L acquired spectra of scribing process. 
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Figure 40. S355 acquired spectra of scribing process.  
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6 DISCUSSION 

 

 

6.1 Outcome of the first experiments 

Based on first experiments, it could be understood that the spectrometer behaved the same 

way in semi-real-time environment as in previous APPOLO research carried by researcher 

Matti Manninen. Laser control code 1.0 could be well utilized to tune laser parameters 

which included querying and reading the reply of the laser and also commanding the laser. 

However, as mentioned, laser control code 1.0 was working semi-real-time and the code 

needed to be developed further. When the code would be able to adjust laser parameters 

totally in real-time, it would be possible to change power level of the laser based on the 

spectrometer output without stopping and restarting the code. In control code 1.0 this could 

only be done manually. A good example of real-time adjustment would be two pieces of 

metal of different material; the spectrometer would notice intensity difference between 

metals and would instantly lower or higher amount of laser power based on intensity level. 

The problem in control code 1.0 was that it was only possible to find average value of 

intensities along the wavelength range which was way too inaccurate for accurate control. 

Instead of mean value, highest peak of intensity value at the wavelength range where 

processing occurred should be used. Another problem in control code 1.0 dealt with 

running of the code. The control code 1.0 required run and stop of the code for data 

transmittance even if the spectrometer would acquire data in real-time. This was due to 

serial communication protocol which required this kind of way to update data. 

 

The spectrometer itself worked as intended as it was able to acquire data in real-time. The 

acquired spectra could be viewed either in numeric or in graphical form. Numeric form is 

very useful for laser control and graphical output is useful for observing the process. The 

research question was whether it would be possible to notice single pulse missing during 

processing while observing with the spectrometer. If data is being acquired real time, it is 

very hard to say if pulses are missing or not as intensity fluctuates so much due to 

pulsating laser light. Results of first experiments show that the spectrometer is much more 

useful for the laser control and based on intensity peaks. It would be possible to contribute 

the process by adjusting power of the laser. Another important matter to be mentioned is 

distance of the spectrometer's optical head of the processed work piece. In previous 
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APPOLO research the focal length was 180mm at angle of 25º. In this case the distance 

was around 520mm and the process was observed perpendicular. Longer focal length and 

perpendicularity can be explained by the adapter of Scanlab to which the spectrometer 

sensor is attached to. Long focal length has an effect to the acquired spectra as it is fairly 

faint compared to Manninen’s spectra’s. However, in this case it would not matter as the 

code could be adjusted to react smaller changes and the outcome would be as accurate. In 

this case good focusing lens is required to compensate longer focal length. Based on results 

of first experiments, the control code 1.0 had to be developed further to solve semi-real-

time problem and to find out how to acquire highest peaks of intensity instead of mean 

values. 

 

6.2 Outcome of the second experiments 

Based on second experiments, the control code 2.0 was capable of real-time laser power 

control. Two different materials, S355 and SS304L, however, were slightly too similar as 

spectrometer sensed same kind of intensities of both materials. Intensity varied from 750 

AU to 1400 AU and the laser power control was adjusted based on those intensities. The 

biggest problem was due to pulsating nature of the laser which caused intensity to 

constantly fluctuate. This made laser power control very complicated. The control could 

keep up with this high phase fluctuation so the code could be declared to be real-time and 

very successful even if it was very complicated to be adjusted. 

 

More tests with different materials should be performed to further observe control code 

behavior based on very different intensities. It should also be noted that the intensity 

ranges on control code might have to be changed because different materials behave 

differently and have different intensities. Thus correct intensity ranges should be 

experimentally discovered to be able to adjust laser power correspondingly and accurately. 

However, the biggest and last problem of the control code lies in the laser pulsating which 

causes great intensity fluctuation. One possibility to negate this problem is to develop a 

kind of low pass filter which would ignore some of the fluctuation. This would make 

fluctuation smaller and the control code would adjust power with a lot lower frequency. 

After all, laser power should keep relatively stable for process to be accurate and good in 

quality. Fast phase power fluctuation would lead into poor surface quality and scribing 

depth. Also another important notion of the scribing process itself was that speed of the 
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mirrors inside the scan head should be around 100mm/s or more so that the intensity 

coming out of scribing is intense enough for spectrometer to sense it. With lower scan head 

mirror speed the intensity was so low that it was hard to adjust intensity ranges and thus 

corresponding power levels. With higher mirror speed the spectrometer could well observe 

the process. 

 

6.3 Possible improvements 

Sometimes spectrometer suffered of difficulties to acquire enough light of the laser process 

which lead to rather weak spectra. This could be seen as small spectra spikes on LabVIEW 

waveform graph. It is easier to tune process parameters when spectra spikes are larger as 

differences between minimum and maximum values are higher. However, there are couple 

of ways to improve spectra acquiring. Scan head includes reflecting mirrors which also 

allow some of the process light to pass back to spectrometer optical head. Reflecting 

mirrors could be coated specifically for the laser process (basically for each process 

material) to pass desired / required wavelengths. This would amplify the gathered intensity. 

Also possibility to adjust focusing lens of the scan head would strengthen acquired spectra 

although that should be done carefully as it also affects the laser process itself. Thus easier 

way would be to re-design the adapter of the focusing optical head of the spectrometer. Re-

design should be done so that the optical head could be moved on vertical, axial and depth 

directions. This would allow adjusting the optical head for the strongest possible spectra 

acquiring outcome, apart of the material thickness. Optical heads also have differences as 

some acquire process light more than others. Thus small research about finding more light 

acquiring optical heads should be done. 

 

The biggest improvement to be done would be synchronization of the spectrometer data 

acquisition and the control code laser parameter tuning rate. Currently Spectrometer is 

acquiring data at unknown rate and tuning rate in the control code is set to 0,1s. It is known 

that they do not match which causes hardships to tune laser process parameters 

accordingly. Magnitude of the problem increases due to pulsating nature (can possibly be 

lowered by using low pass and high pass filters, although it is not removing the problem 

cause) of the laser which can be seen as control code parameter tuning lacking behind of 

the spectrometer data acquiring. This means that laser parameters are tuned accordingly 

but changes come to effect too late. Basically the control code should already adjust new 
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values as it only responds to the previous request. However, there are couple of ways to 

solve this problem. The first and most likely the most effective way would be to use 

external triggering. External triggering means that spectrometer data acquisition can be 

externally controlled. This would mean possibility to control spectrometer using the 

control code which be optimal solution. Ocean Optics spectrometer has option for this if 

the Break-Out Box is in use. To be able to use the Break-Out Box, spectrometer should be 

used in serial connection. However, currently spectrometer is used through USB 

connection which eliminates this possibility. To change spectrometer into serial mode 

would require re-designing of the whole control code and thus it would very laborious 

option. 

 

The second possibility to match data acquisition rate of the spectrometer and laser 

parameter tuning of the control code would be to do it manually. To be able to do this, it is 

necessary to know the data acquisition rate of the spectrometer. The data acquisition rate 

can be found out by using Ocean Optics own software SpectraSuite and by observing when 

spectral graph is changing or by doing the same using the control code in LabVIEW. It is 

also possible to ask Ocean Optics what is the data acquisition rate. When the exact data 

acquisition rate is known, the control code can be set tune laser parameters according to 

data acquisition rate. A good example would be as following: Acquired spectra is 800 AU, 

the control code registers it and tunes laser parameters in 0,1s in between the first and 

upcoming spectra acquisition. New value of 1000 AU would be registered and the control 

code would again tune laser parameters in 0,1s before the next spectra acquisition would 

occur. Thus the limiting factor of laser parameter tuning rate would be the spectra 

acquisition rate itself, it cannot be faster than that. As a summary, possible ways to 

improve developed monitoring system and the control code would be by enhancing the 

acquiring process to receive more process light and by matching the spectra acquisition of 

the spectrometer and control code laser parameter tuning.  
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7 CONCLUSION 

 

 

Research questions were whether it would be possible to online monitor laser engraving 

processes by using spectrometer and if it would be possible to real-time control laser 

engraving process utilizing spectrometer. Answer is yes to both. Spectrometer has good 

enough sensing capability for even very faint laser power and repetition rate thus making it 

very capable for laser parameter tuning. However, if amount of process light is very low, it 

makes tuning harder as minimum and maximum intensity values differ less. Also one extra 

goal in this project was to find out if it would be possible to sense missing pulses of laser 

engraving process. Answer to that is negative as laser pulsates by its nature (at least the 

nanosecond laser used in this research) which makes sensing missing pulses almost 

impossible. The magnitude of problem increases as the amount of process light is less. 

There are better options for that reason, such as high speed cameras. Ocean Optics 

spectrometer is very capable for real-time laser parameter tuning in laser engraving 

processes as it has fast enough acquisition rate and it is very easy to adapt into different 

processes and purposes. It also has capabilities for both USB and serial connections and 

also possibility to customize even its software for own purposes. Thus spectrometer, 

especially Ocean Optic's, is very flexible choice. What should also be mentioned is that it 

is necessary to use industrial grade computers, such as National Instruments PXIe-8880 for 

real time control. This is to reduce acquisition delay to as small as possible. 

 

In general it is very important to be able to adjust laser processing parameters in engraving 

process as it is very precise and demanding. Spectrometer real-time control is excellent for 

this purpose and that is why it could also be used in similar kinds of processes, such as 

additive manufacturing. Spectrometer could be installed inside additive manufacturing 

machine and the process light could be acquired in similar way as in laser engraving 

process. Of course the control code should be customized to correspond demands of the 

additive process but the basic idea would remain the same thus making it very potential 

idea. 
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If this research is to be continued in the future, all the improvement ideas should be 

implemented to maximize the potential of this real time system. The control code also is 

very customizable for different purposes so it is easy to adapt for different systems.  
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APPENDIX 1 

HR2000+ specifications [41]. 
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APPENDIX 2 

SpectraSuite data acquisition on. 
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APPENDIX 3 

Components of the experimental setup. 
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APPENDIX 4 

Test code for USB connection functionality of the spectrometer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



78 
 

APPENDIX 5 

PXIe real-time module [44]. 

 
 

  



 

APPENDIX 6 

NI PXI-8430 Serial Port Module [44]. 
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APPENDIX 7 

Setting of peak properties, wavelength check at pixel spot 251. 

 
 

  



 

APPENDIX 8 

Wavelength check at pixel spot 174. 

  



 

APPENDIX 9 

Wavelength check at pixel spot 1021. 
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APPENDIX 10 

Linearity test. 

  



 

APPENDIX 11 

Results of linearity test. 

 
  



 

APPENDIX 12, 1 

Specifications of Ytterbium pulsed fiber laser YLPM-1-4x200-20-20 [46]. 
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APPENDIX 13 

Specifications of RTC 4 PC Interface Board Card [47]. 

 
 

 

  



 

APPENDIX 14 

Specification of Scanlab Hurryscan 14 II scan head (1/2) [48]. 
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APPENDIX 15 

Specification of Scanlab Hurryscan 14 II scan head (2/2) [48]. 
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APPENDIX 16 

Dimensions and parts of the scan head [48]. 
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Dimensions and parts of camera adaptor attached to the scan head [49]. 
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APPENDIX 18 

Query and command codes for the laser [50].
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APPENDIX 19 

Serial initialization + laser commands. 
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APPENDIX 20 

Spectrometer code + laser power control case structure connected. 

  



 

APPENDIX 21 

User interface in LabVIEW. 
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APPENDIX 22 

For Loop structure enclosing the whole control code. 
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New user-interface. 
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