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 A technique to determine the average coating removal efficiency (ϵ) of Cynosure 
Cynergy Pulse Nd:YAG laser in paint removal has been developed on national and 
imported car coated substrates. This paper reports on the results of studies carried out 
on three types of different coating thicknesses ranging from 92 – 134 μm, 196 – 450 μm 
and 219 – 283 μm. Alicona IFM G4 analysis was done to find the depth for each 
irradiated crater on three types of substrate samples using profilometer obtained. Depth 
(d) versus laser laser fluence (F) graph was plotted to determine the ϵ process for each 
substrate samples. This research paper proves the paint removal was increased with 
increasing of F but independence by manipulating the long pulse width (PW) and low 
range of repetition rate (RR).  
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INTRODUCTION 
 
 Chemical based strippers and grit blasting are the core techniques practiced by Malaysian automotive 
industry for car repaint. However, neither of these techniques is ideal as both resulting in environmental 
imbalance due to the generation of a large amount of waste and the process is unfavourable due to high cost 
especially labour cost, [1]. The ideal paint removal process in automotive industry should have the following 
characteristics; reproducible clean surfaces, controllable accurate removal area and minimal detrimental affects 
to car metal substrate.  
 To overcome this problem, laser based paint removal process is found to offer these advantages. The use of 
laser technology to remove paint layers from a surface has been under development for many years with a 
variety of lasers, paints and substrates were considered, [2]. This superior characteristic has proved to be 
successful in cleaning industry of polymers, rubber tire moulds, large mirrors, artworks and historical heritage 
pieces, semiconductor and many more, [3, 4]. Nevertheless, the information of laser cleaning techniques in 
automotive industry is less discussed as well as their efficiency process and influenced of laser parameters. 
 Due to this situation, the average coating removal efficiency (ϵ) of Cynosure Cynergy Pulse Nd:YAG laser 
in paint removal will be determined over three types of selective car coated substrate in order to prove the 
effectiveness, quality and its efficiency as a fundamental of best stripping method. The experiment was carried 
out at Medical Physics Laboratory, School of Physics, Universiti Sains Malaysia, Penang. 
 

MATERIALS AND METHODS 
 
2.1 Substrate samples preparation: 
 In this study, car coated substrate samples will prepared from right front door of three car models. These 
samples found out from car workshop and spare part around Kota Bharu, Kelantan, Malaysia. The door will be 
cutting in small rectangular substrate, approximately to 4 x 4 cm2 in size for Alicona Infinite Focus Metrology 
(IFM) G4 analysis availability. Each substrate sample will be marking by unique number at the edge of back 
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side for sample identification sort of number 1 for sample 1, number 2 for sample 2 and so on. There are 54 
rectangular shapes of substrate samples will considered for this study, consists of 18 samples for each three 
types of car models, A, B and C. Samples A and B are carried out from two types of national car model made in 
the year of 2008 and 2000 with the coating type of orange metallic acrylic and black metallic acrylic, whereas 
samples C is carried out from a type of imported car model made in the year of 1992 with the coating type is 
green solid (non-metallic) acrylic paint.  
 Before laser irradiation, all the substrate sample provided will be cleaning by plane water to ensure any 
contaminants and stain has been removed. The average coating thickness of substrate sample will be measured 
by using CEM DT-156 Paint Coating Thickness Gauge Tester F/NF Probe. Five readings will be taken from 
each side and centre of the square face of the sample substrate to get the mean value of the paint thickness. 
Overall, the paint thickness for substrate samples A, B and C are ranging from 92 – 134 μm, 196 – 450 μm, 219 
– 283 μm and never repaints.  
 An each sample will prepared for ten irradiations with increase in their laser fluence (F) given. Thus, ten 
dots will marked by using permanent marker pen on the coating surface of a substrate sample, which followed 
by a series number from one to ten at the backside for irradiation spot identification. Specifically, the series 
number represents the laser irradiation has been done for a certain dot spot, means the first irradiation is 
indicating by number 1 and tenth irradiation is indicating by number 10. Irradiation number 1 is set-up for 
highest F whereas irradiation number 10 is set-up for lowest F as shown in Figure 1. 
 

 
Fig. 1: Car coated substrate sample identification; (a) dot marking on paint surface, (b) series number at the 

backside of metal surface. 
 
2.2 Operating principle: 
 Prior start the experiment, Cynosure Cynergy laser will be calibrating in pulse Nd:YAG laser mode for 3 
mm beam size (BS) by locating the handpiece into the calibration port. After fixed the substrate sample number 
1 on the sample holder, the laser source to the target sample distance will be setting at 5 cm. This will be done 
by locked the sample holder on the ruler track. The handpiece is then placed in front of the target area and fixed 
by using retort stand. Guide laser light is spotted to the first dot which represents the highest F irradiation. For 
first irradiation, laser parameters are set-up with F 300 J/cm2, pulse width (PW) 100 ms and repetition rate (RR) 
1.0 Hz. The instruments are ensuring to locate on the right location of experimental set-up as shown in Figure 2. 
Protective safety eyewear is wearing during the whole experiments in order to protect the eyes from the hazard 
of laser irradiation. 
 

 
Fig. 2: Experimental set-up for laser paint removal on the car coated substrate. 
 
 Second and next irradiation will be done on the same sample but on the different dot target by reduce the F 
to 290, 280, 270, 260, 250, 240, 230, 220 and 210 J/cm2. For this irradiation, the PW and RR will be fixed at 
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100 ms and 1.0 Hz respectively. It should be ensuring that right irradiation is done on the right dot target, for 
example 290 J/cm2 is done on the second dot target, as well as for the next eight dot targets. The experiments 
will repeat on the next samples by manipulating the PW and RR as listed in the Table 1. This laser parameters 
set-up will be done on three types of car coated substrate samples. Each type required 18 samples to be 
irradiated with ten laser irradiation spotted on each sample, thus 540 irradiations will be done for all three 
samples A, B and C. 
 
Table 1: Laser parameters considered for 3 mm and 5 mm BS with varies in F, PW and RR. 

Sample number Number of 
irradiation 

BS 
(mm) 

F 
(J/cm2) 

PW 
(ms) 

RR 
(Hz) 

1 10 3 210 - 300 100 1.0 
2 10 3 210 - 300 200 1.0 
3 10 3 210 - 300 300 1.0 
4 10 3 210 - 300 100 1.5 
5 10 3 210 - 300 200 1.5 
6 10 3 210 - 300 300 1.5 
7 10 3 210 - 300 100 2.0 
8 10 3 210 - 300 200 2.0 
9 10 3 210 - 300 300 2.0 

10 10 5 150 - 240 100 1.0 
11 10 5 150 - 240 200 1.0 
12 10 5 150 - 240 300 1.0 
13 10 5 150 - 240 100 1.5 
14 10 5 150 - 240 200 1.5 
15 10 5 150 - 240 300 1.5 
16 10 5 60 - 150 100 2.0 
17 10 5 60 - 150 200 2.0 
18 10 5 60 - 150 300 2.0 

Note: Maximum F for 3 mm BS is 300 J/cm2 for all laser parameters. Meanwhile the maximum F for 5 mm BS is 240 J/cm2 set-up with RR 
1.0 and 1.5 Hz whereas 150 J/cm2 set-up with RR 2.0 Hz. 
 
2.3 Sample analysis: 
 After completed the sample irradiation, each irradiated samples will be cleaned using plain water and dried 
to remove any burning residue existed. Tissue paper will be using to swap the stripped area in order to ensure 
there are no more residues of paint flakes left. More important, the originality of the structure, pattern, contour 
and texture of the irradiated crater depth will be sustaining from any physical and chemical distortion before 
proceed to the sample analysis. Alicona IFM G4 is using to analyze 540 irradiated crater depths to obtain the 
optical surface micrograph and its corresponding profilometer graph. Optical surface micrograph provides a 2D 
colour scanning image for depth profilometer analysis by drawing a red linear profile line as shown in Figure 3. 
Depth profilometer analysis provides a pattern of graphical illustration between crater surface level and top 
coating surface level with precise vertical measurement of the layer thickness [5]. Thus, depth of each irradiated 
crater (d) is easily determined from the profile form as shown in Figure 4. 
 

 
 
Fig. 3: 500 µm resolutions micrograph using Alicona IFM G4; (a) top coating surface, (b) crater depth surface, 

(c) surface contour, (d) red linear profile line. 
 

RESULTS AND DISCUSSION 
 
3.1 Average efficiency of paint removal determination: 
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 Paint removal efficiency generally is the function of laser parameters including F, PW, RR and BS of the 
irradiation spot area. Increasing of F will increased the removal efficiency of the unwanted layer and 
contaminants, [6, 7]. Despite low optical absorption of the paint, the F energy required to reach threshold 
fluence (FT) is strongly dependence by PW, [8]. FT is lower at shorter PW due to the change in absorption 
coefficient of the coating at high intensities laser beam, [9, 10]. It is found that high RR laser could lead to 
reduce the FT of coating system due to heat accumulation and hence give the significant impact in laser paint 
removal efficiency, [11-13]. The paint removal efficiency is increased as increasing the RR with constant F and 
PW, [10]. For coating removal by laser irradiation, the average efficiency of the process can be defined by using 
the Equation 1, [12, 14].  
 
ϵ = V / E = d / nF                                                         Eq. 1 
 
 Where ϵ is the average coating removal efficiency (μm cm2 J-1), V (cm3) is the volume of coating removed 
and E (J) is the total laser energy, d (μm) is the depth of coating removed, F (J cm-2) is the laser fluence and n is 
the number of laser shoots. For this study, d versus F graphs is plotting for each PW, RR and BS considered. 
Hence the ϵ of each laser parameters applied on a certain car coated substrate sample will determined by 
measuring their inclination of each fitted linear graph as shown in Figure 5 for sample A, Figure 6 for sample B 
and Figure 7 for sample C. Finally, the summarize of ϵ for each three types of substrate samples and their 
corresponding laser parameters will interpret using Equation 1 as shown in Table 2. 
 

 
 
Fig. 4: Depth profilometer analysis is obtained using Alicona IFM G4 to measure the crater depth (d); (a) top 

coating surface level, (b) crater surface level, (c) red linear profile line. 
 

 
 
Fig. 5: Fitted linear graph plotted for sample A10 represents the highest ϵ for sample A. 
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Fig. 6: (a) Fitted linear graph plotted for sample B11 represents the highest ϵ for sample B; (b) Fitted linear 

graph plotted for sample B8 represents invalid profilometer depth measurements due to a very wide gap 
between 210 – 250 J/cm2 to 260 – 300 J/cm2. 

 

 
 
Fig. 7: Fitted linear graph plotted for sample C16 represents the highest ϵ for sample C. 
 
 The highest ϵ for sample A, B and C are 1.75 µm cm2 J-1, 1.12 µm cm2 J-1 and 1.65 µm cm2 J-1 respectively. 
Actually, the highest ϵ for sample B is obtaining at 4.94 μm cm 2 J-1 from sample B8, but the result produced is 
considering invalid in term of profilometer depth measurements. This is because the d versus F graph has been 
plotted shows a very wide gap between 210 – 250 J/cm2 to 260 – 300 J/cm2 as shown in the Figure 6 (b), which 
sharpen the inclination slope. This might be due to almost of the top coating for sample B8 is not removed at 
210 – 250 J/cm2, but conversely removed at the centre of the crater depth obtained at 260 – 300 J/cm2 as shown 
in Appendix 1. Minor non-uniform removal of top coating at the centre of the crater depth gives an error in 
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profilometer measurement and directly distracts the small range of depth linearity pattern. To overcomes this 
doubtful result, the sample B11 which produced more uniform removal of top coating surface of crater depth as 
shown in Appendix 2 will selected as the highest ϵ for sample B at 1.12 µm cm 2 J-1. 
 
Table 2: Summarize of ϵ for car coated substrate samples A1 – A18, B1 – B18 and C1 – C18. 

 
Sample 

d (μm) F (J cm-2) ϵ (μm cm2 J-1) 
y2 y1 dy = y2 - y1 x2 x1 dx = x2 - x1 dy / dx 

A1 90 67 23 300 210 90 0.26 
A2 87 62 25 300 210 90 0.28 
A3 112 65 47 300 210 90 0.52 
A4 82.5 65.25 17.25 300 210 90 0.19 
A5 98 84.25 13.75 300 210 90 0.15 
A6 100 72 28 300 210 90 0.31 
A7 112.5 73 39.5 300 210 90 0.44 
A8 108.5 89 19.5 300 210 90 0.22 
A9 123.5 92 31.5 300 210 90 0.35 

A10 180 22.5 157.5 240 150 90 1.75 
A11 130 75 55 240 150 90 0.61 
A12 105 70 35 240 150 90 0.39 
A13 120 88.5 31.5 240 150 90 0.35 
A14 106 68.5 37.5 240 150 90 0.42 
A15 97 72 25 240 150 90 0.28 
A16 100 68 32 150 60 90 0.36 
A17 125 71 54 150 60 90 0.60 
A18 132.5 88 44.5 150 60 90 0.49 
B1 230 182.5 47.5 300 210 90 0.53 
B2 296.25 218.8 77.5 300 210 90 0.86 
B3 212.5 168.8 43.75 300 210 90 0.49 
B4 196 165 31 300 210 90 0.34 
B5 255 158.5 96.5 300 210 90 1.07 
B6 218 161 57 300 210 90 0.63 
B7 195 160 35 300 210 90 0.39 
B8 460 15 445 300 210 90 4.94 
B9 385 295 90 300 210 90 1.00 
B10 211.3 157.5 53.8 240 150 90 0.60 
B11 275 173.8 101.2 240 150 90 1.12 
B12 211.3 162.5 48.8 240 150 90 0.54 
B13 213 155 58 240 150 90 0.64 
B14 207 136 71 240 150 90 0.79 
B15 224 162 62 240 150 90 0.69 
B16 178.5 105 73.5 150 60 90 0.82 
B17 183 121.5 61.5 150 60 90 0.68 
B18 193.5 150.5 43 150 60 90 0.48 
C1 235 163.8 71.25 300 210 90 0.79 
C2 197.5 167.5 30 300 210 90 0.33 
C3 220 165 55 300 210 90 0.61 
C4 205 161 44 300 210 90 0.49 
C5 211.5 184 27.5 300 210 90 0.31 
C6 196 154 42 300 210 90 0.47 
C7 207.5 169.5 38 300 210 90 0.42 
C8 199 177 22 300 210 90 0.24 
C9 221 175 46 300 210 90 0.51 
C10 218.75 157.5 61.25 240 150 90 0.68 
C11 210 115 95 240 150 90 1.06 
C12 213.75 105 108.75 240 150 90 1.21 
C13 223.75 142.5 81.25 240 150 90 0.90 
C14 221.25 195 26.25 240 150 90 0.29 
C15 228.75 127.5 101.25 240 150 90 1.13 
C16 202.5 53.75 148.75 150 60 90 1.65 
C17 196.25 57.5 138.75 150 60 90 1.54 
C18 193.75 65 128.75 150 60 90 1.43 

 
3.2 Laser parameters effectsP: 
 From the literature, increasing of F and RR will be decreasing the FT of paint materials, hence increasing 
the ϵ, [11-13]. However, for this study, the results did not show the significant effects in the ϵ with increas ing of 
RR for all three types of substrate sample A, B and C respectively. This might be due to the random distribution 
of concentration particles released during the removal process with varies of RR. The accumulation of particles 
released will be decreasing the removal efficiency due to absorption of the laser beam in the plume produced, 
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[13, 15]. Moreover, the study from Brygo et.al revealed the RR below than 100 Hz has no significant effects in 
removal paint on a crater depth, [10]. 
 The results also shows there are no significant effects of the PW 100, 200 and 300 ms in removing the paint 
material on the substrate samples A, B and C. The factors might be due to the main mechanisms process of paint 
removal for long PW (ms range) is thermal decomposition process, where the paint material is heated up and 
vaporized, [16, 17]. Hence, almost of the effective paint removal factor is totally depending on the thermal 
diffusivity of the paint material, [10, 12, 18]. Due to low diffusivity of the acrylic paint of the substrate samples 
A, B and C, the variation of long PW 100, 200 and 300 ms is randomly effects the laser cleaning efficiency 
depending on the atomic composition and the thickness of the irradiated target area. In addition, long PW laser 
parameters applied in this study produced the broad range of F energy and low in penetration depth of laser 
irradiation. 
 Conversely, the results give the positive effects in increasing the F where the ϵ  for all three type substrate 
samples is linearly increased as shown in Figure 5, 6 and 7. Higher F will resulted in higher thermal energy to 
dissipate at the target painted area for thermal decomposition process, hence increasing the ϵ of the unwanted 
layer, [6, 7, 11, 17].  
 
Conclusions: 
 Generally, the study concludes the increasing of F energy will then linearly increased the ϵ, with the highest 
ϵ for sample A, B and C are obtaining at 1.75 µm cm2 J-1, 1.12 µm cm2 J-1 and 1.65 µm cm2 J-1 respectively. The 
varieties of low range parameters of RR 1.0, 1.5 and 2.0 Hz did not gives the significant influenced for ϵ process 
of all substrate samples considered. Moreover, application of long PW 100, 200 and 300 ms also did not give 
any significant effects in influencing the ϵ  process. However, RR and PW for this research study acts as a 
compensator for specific and required F output in order to obtain the best laser parameters for certain paint 
removal process. Thus, there should have an optimum setting of those laser parameters in order to get the best 
efficiency result in laser paint removal of substrate samples A, B and C since the selection of required F, RR 
and PW is always influenced by each other. 
 This research study prove the effectiveness, quality and efficiency of paint removal process can be obtained 
by using Cynosure Cynergy Pulse Nd:YAG laser with proper selection of laser parameters. This study hope can 
support the idea of using laser stripping technique in automotive industry in Malaysia, and at the same time will 
be able to replace the conventional chemical stripping technique in the near future in order to maintain the 
sustainability of our environment and human life. 
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APPENDIX 1: 
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210 J/cm2 
A.1: IFM images represent the crater surface morphology for sample B8 with laser parameters fixed for BS 3 
mm, RR 2.0 Hz and PW 200 ms. 
 
APPENDIX 2: 
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A.2: IFM images represent the crater surface morphology for sample B11 with laser parameters fixed for beam 
size 5 mm, repetition rate 1.0 Hz and pulse width 200 ms. 
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