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Abstract 
 
Background and Objective: If lasers could selectively ablate residual composite 

with minimal damage to the enamel surface, decrease the clinician’s time, and 

improve the surface properties of underlying enamel, problems with current 

debonding techniques could be overcome. The overall objective of this work was 

to selectively remove residual orthodontic composite from the enamel surface 

using a rapidly scanned carbon dioxide laser controlled by spectral feedback 

without perceptible changes to the enamel. 

 

Materials and Methods: A carbon dioxide laser operating at a wavelength of 9.3 

µm with a pulse duration of 10-15 µs and a pulse repetition rate of ~200 Hz was 

used to selectively remove composite from the polished buccal surfaces of 30 

extracted human teeth. Laser parameters were tested to determine the ideal 

settings to remove composite with the least amount of enamel damage. 

GrenGlooTM composite was used to better visualize residual composite. The 

amount of enamel surface modulation/roughness was measured with a three 

dimensional digital microscope. A spectral feedback system utilizing a miniature 

spectrometer was used to control the laser scanning system.  

 

Results: The amount of enamel lost with our final laser parameters averaged 

2.59 ± 0.63 µm. The laser settings that produced the best results were the 

following: Spot size= 450 µm, Fluence= 4.0 J/cm2, Overlap= 50 µm. These 
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enamel-conserving parameters were still able to remove composite at clinically 

relevant speeds. 

 

Conclusions: Residual orthodontic composite can be quickly removed from the 

tooth surface using a rapidly scanned CO2 laser with spectral feedback with 

minimal damage to the underlying enamel surface. 
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Introduction 

 

Conventional technique for the debonding of orthodontic brackets involves 

bracket removal by mechanical means followed by residual adhesive removal.  

Residual composite is most commonly removed via handpiece and bur by the 

orthodontist. Zachrisson and Artun looked at the effects of various debonding 

instruments on the enamel surface.1  Plain cut and spiral fluted carbide burs at 

25,000 rpm were the only instrument that provided satisfactory surface 

appearance.  None of the instruments tested left the virgin tooth surface with its 

perikymata intact.  A wide variety of other modalities have been recommended 

for the removal of residual composite, including other rotary attachments, 

debonding pliers, scraping with hand instruments, automatic handpieces, 

ultrasonic devices, intraoral sandblasting, and lasers.  Most debonding 

techniques result in some loss of enamel.2 

Tufekci et al., used a contact stylus profilometer to digitize the tooth 

surface before bonding and after debonding.  They found that tungsten carbide 

burs created 0.16mm3 of enamel volume loss, with a mean maximum depth of 

47.7 �m of enamel loss.3  Al Shamsi et al., used three-dimensional laser 

scanning technology to measure enamel loss.  They found that a mean of 50.5 �

m (± 31.27 �m, with a range of 10-120 �m) enamel was lost after cleaning and 

finishing the enamel surface with a low-speed tungsten carbide bur.4   
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The thickness of tooth enamel is usually about 1500-2000 �m, and the 

loss of 60 �m is not thought to be detrimental to the tooth. 5  However, the 

surface fluoride layer gradient is very steep, with the highest concentration of 

fluoride incorporated into the enamel at the surface and a rapid decline in the first 

20 �m of enamel.2  Therefore, preservation of the fluoride-rich surface layer of 

enamel should be attempted when removing residual composite.  

Hirasuna et al., found that the average amount of enamel lost by residual 

composite removal with a CO2 laser was 22.7 µm ± 8.9 and 25.3 µm ± 9.4 for 

removal at 3.8 and 4.2 J/cm2, respectively.5 

Miresmaeili et al., found that CO2 laser irradiation at a wavelength of 10.6 

µm resulted in higher enamel surface microhardness around orthodontic brackets 

and reduced enamel demineralization. They showed that the laser-treated 

samples demonstrated melting of the enamel surface. Their results showed that 

enamel surface microhardness was significantly greater in the laser-treated 

group (301.81 ± 94.29 Vickers Hardness Numbers (VHN)) compared with the 

control group (183.9 ± 72.08 VHN) (P <0.001).6 

If lasers could selectively ablate residual composite with minimal damage 

to the enamel surface, decrease the clinician’s time, and improve the surface 

properties of underlying enamel, problems with current debonding techniques 

could be overcome.  Past studies with the CO2 lasers showed promising results 

for removing residual orthodontic composite.  Diffractive optics have recently 

become available to use with CO2 lasers, so we have taken advantage of the 
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potential benefits offered by this technology to improve the laser properties to 

enable a reduction in the damage done to the enamel surface. We used a three-

dimensional digital microscope to help us analyze the enamel surface damage by 

laser ablation (Figure 1). This new technology allowed for real time 2D or 3D 

image stitching, and gave us the ability to make quick depth compositions that 

allowed us to clearly see the enamel surface modulation caused by the laser 

irradiation. 

Our hypothesis is that providing a more uniform distribution of the laser 

energy will reduce the amount of damage to the enamel. Our hypothesis has two 

aims:  

Aim #1: To test the hypothesis that the use of a “top hat” spatial profile 

generated using diffractive optics will significantly reduce the surface damage to 

enamel.   

Aim #2: To test the hypothesis that the spatial overlap of a laser beam 

operating with a single spatial mode (Gaussian distribution) can be manipulated 

to minimize the surface damage to enamel. 
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Figure 1:  Example of 3D Digital Microscope 

 

Background 

The applicability of lasers for the removal of dental composite has been 

investigated using several laser wavelengths.  Alexander et al., demonstrated 

that the Q-switch Nd:YAG laser could remove composite through selective 

ablation without thermal or mechanical damage to underlying enamel. 9   The 

debonding of esthetic ceramic brackets has been demonstrated with the use of 

laser energy to thermally degrade the adhesive resin with the bracket still in 

place.10 Dumore et al., used a pulsed TEA CO2 laser at 10.6 �m to remove 

composite through selective ablation, and showed that the spectral analysis of 

plume emission of the tooth shows distinct calcium emission lines that distinguish 

enamel from composite.11 

Carbon dioxide lasers are ideal for selectively removing composite from 

enamel and have been advocated for use in caries protection due to their high 

absorption by carbonated apatite in dental enamel.  In a review of lasers in 
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dentistry, Wigdor explained that for materials with high absorption, or absorption 

coefficients greater than 100 cm-1, the laser energy is absorbed within 100 �m of 

the surface and converted to heat. Studies with carbon dioxide lasers utilized 

lower energy density levels as a result of efficient transfer of energy from light to 

heat.12  We have previously determined that the absorption coefficients of enamel 

are 800, 8,000, and 900 cm−1 at 2.94, 9.6, and 10.6 mm, respectively. 

Due to the ideal absorption of CO2 lasers in dental enamel, several studies 

have shown promising results for their use in caries prevention.  Featherstone et 

al., observed the effects of the CO2 laser on the progression of artificial caries-like 

lesions in enamel. They concluded that 9.6 �m has 10 times higher absorption 

in enamel than 10.6 �m and, therefore, is considered more promising for use in 

caries prevention. 13 Kantorowitz et al., determined that the CO2 laser produces 

increasing caries resistance up to 25 pulses, with no additional effect thereafter.  

They noted inhibition of caries progression up to 87%.14 Finally, Esteves-Oliveira 

saw an 81% reduction in dental caries using the CO2 laser, which was 

significantly better than fluoride application alone. SEM images did not show any 

damage caused by laser irradiation.15 

Staninec et al., have shown that the microsecond pulsed 9.3 �m CO2 

laser can ablate enamel in vivo without harming the pulp operating at 25 or 50 Hz 

using an incident fluence of 20 J/cm2 for a total of 3,000 laser pulses (36 J) with 

water-cooling.16  
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The research done using a rapidly scanned CO2 laser by Hirasuna et al. 5 

showed it can remove all residual composite in a few seconds.5   However, little 

research has been done looking at improving the properties of the CO2 laser in 

hopes not only to reduce the amount of enamel damage, but to enhance its 

surface properties. Our current study aims to test the hypothesis that the use of a 

top hat spatial profile generated using diffractive optics will significantly reduce 

the surface damage to enamel (Figure 2). It also aims to test the hypothesis that 

the spatial overlap of a laser beam operating with a single spatial mode 

(Gaussian distribution) can be manipulated to minimize the surface damage to 

enamel. 

Our criteria for success include determining the optimum fluence (laser 

energy per unit area: J/cm2) for selective removal of composite with least amount 

of enamel damage. Secondly, we aim to determine ideal amount of laser overlap 

via diffractive optics to enhance properties of enamel after composite removal.  

 

 

Figure 2:  Schematic of laser  
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  Figure 3:  Example of the desired laser profile 

 

Lastly, we intend to be able to remove residual orthodontic composite with 

less than 10 microns of damage (surface roughness) to enamel surface.  

 
 
Materials & Methods 
 

Test specimens and sample preparation 

We selected 30 recently extracted, non-carious premolars and molars that 

were sterilized via gamma radiation and stored in 1% thymol.  All teeth roots 

were removed with a water-cooled diamond band saw.  These 30 teeth were 

hemisected from mesial to distal with a hard tissue microtome giving us a total of 

60 halves (30 buccal and 30 lingual) to work with.  Using epoxy resin, the 

sectioned teeth were glued onto resin blocks (delrin) for consistent mounting 

during laser ablation. Half of the specimens were polished to create a uniform flat 

surface.  These polished surfaces allowed for precise and reproducible 
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measurement of any surface modulation from a flat surface. Polishing the buccal 

surfaces removed a measured 0.25-0.75 mm of enamel from the height of 

contour. The flat enamel surfaces were polished with 12, 9, 5, 3, and 0.3 µm grit 

aluminum oxide polishing discs. All specimens were photographed and imaged 

with a 3D digital microscope. 

 

Enamel measurements 

A 3D digital microscope (VHX- 2000 Series, Keyence, Osaka, Japan) was 

used to assess the surface profile of the enamel prior to ablation and then again 

post-ablation to assess the properties/damage to the enamel surface after 

composite removal. All specimens were photographed and scanned using 3D 

digital microscopy. Our 3D digital microscope is the VHX-2000 series from 

Keyence (Osaka, Japan). It has the capability of performing the tasks of 4 

microscopes in a single system: stereoscopic, metallographic, electron, and 

measuring microscopes. It has many features that allow you to capture great 

images containing important information (Figure 4). It allows for quick depth 

composition that automatically composes sharp images with superior depth-of-

field while correcting the edge deviations.  Its real time 3D stitching enables 

visual assessment of profiles that have been difficult to understand with 2-D 

images.  The depth compositions and 3D observations will be central to our 

samples analysis.  
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This microscope is able to generate a graph that illustrates clearly the 

surface roughness/modulation of the sample enamel. Looking at these graphs 

allows us to analyze and determine confidently the amount of enamel 

modulation. Below is an example of a generated graph: 

 

For reliability purposes, multiple samples were re-measured at separate 

time points to ensure our results. Two individuals performed these repeated 

measures on different days to verify accurate and reliable interpretation of the 

graphs obtained from the 3D microscope. The intra and inter-rater reliability was 

very high.  
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Figure 4: Example images from 3D Digital Microscopes 

 

We will use polished human enamel surfaces instead of intact teeth with 

contours making an exact reference point difficult to determine. Tooth samples 

were separated into different groups to allow testing of a range of fluence (energy 

per unit area), degree of overlap of the laser to determine the ideal laser 

parameters. 

 Orthodontic brackets were bonded to the non-polished (intact) buccal 

surfaces with GrenGlooTM (Ormco, Orange, CA) composite, Ortho SoloTM 

(Ormco) adhesive, and 37% phosphoric acid etchant according to the 

manufacturer’s instructions. The teeth were then stored in 1% thymol for 24 

hours.  The brackets were removed and then the tooth was photographed to 

obtain images with the optical microscope. Residual composite was removed 

with the laser removal program with spectral feedback from the spectrometer. 
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Figure 5: Diagrams of laser overlap 

 

Description of unit and laser irradiation parameters 

The carbon dioxide laser used in this study was an Impact 2500 from GSI 

Lumonics (Rugby, United Kingdom) operating at a wavelength of 9.3 μm. The 

laser was custom modified to produce a Gaussian output beam (single spatial 

mode) and a pulse duration of between 10-15 μs. This laser is capable of high 

repetition rates up to 500 Hz.  In this study, the laser operated at about 220 Hz, 

with a spot size of ~450 µm. An f-theta zinc selenide laser-scanning lens with a 

focal length of 90 mm from II-VI (Saxonburg, PA) focused the beam onto the 
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tooth surface. The knife-edge method was used to determine the diameter (1/e2) 

of the laser beam at the focal position. The laser beam was scanned over the 

tooth sample, using computer-controlled rapidly scanned XY galvanometers, 

6200HM series with MicroMax Series 671 from Cambridge Technology, Inc. 

(Cambridge, England). A power meter EPM 1000, Coherent-Molectron (Santa 

Clara, CA) and a Joulemeter ED-200, Gentec (Quebec, Canada) monitored the 

energy output of the laser. The tooth was cooled with a low volume/low pressure 

air-actuated fluid spray delivery system consisting of a 780S spray valve, a 

Valvemate 7040 controller, and a fluid reservoir from EFD, Inc. (East Providence, 

RI).  It provided a pulsed uniform spray of fine water mist onto the tooth surfaces 

at about 0.5mL/min, at 0.5 Hz and 0.25 duty cycle. Spectral feedback controlled 

the laser using a fiber-optic spectrometer.  

A range of fluence and degree of laser overlap were assessed thoroughly 

to determine the optimal parameters for minimizing damage to enamel. The 

range of fluence was tested between 3-5 J/cm2 using Si and CaF2 attenuators. 

The degree of overlap ranged from 50-250 µm. The range of fluence was used 

based on the previous research done by Hirasuna et al., which concluded that 

4.0 J/cm2 was the ideal fluence for composite removal. Figure 6 shows the 

measured relationship between ablation rate and fluence. The composite ablation 

rate increased progressively with increasing fluence, whereas the enamel 

ablation rate peaked at about 20µm/scan above about 8.0 J/cm2. They concluded 

the ideal fluence was 4/0 J/cm2, because it was at this fluence that the rate of 
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composite removal was twice that of enamel, and the damage to sound enamel 

was limited to less than 10µm. 5 

 

Figure 6: Mean ablation rate, µm/scan ± s.d. (n=9), for GrenGlooTM composite 

(green) and enamel (black) as a function of CO2 laser fluence 

 

 

Emission spectroscopy 

The laser was controlled by spectral feedback using Ocean Optics USB 

2000+, a USB 2.0 fiber optic spectrometer (Dunedin, FL) with a bandwidth of 

350-1030 nm.  We hoped that the use of diffractive optics would allow us to 

tweak the laser’s properties and enable the enhancement of the enamel 

properties post composite removal. This lens was unable to assist in obtaining a 

more uniform irradiation to minimize surface damage to the enamel.  
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Optical feedback and composite selective removal  

The laser was scanned from point to point over a 5 mm square area with 

the computer-controlled XY Galvanometer scanning system (Cambridge, United 

Kingdom).  A laser spot size of 450-μm was used with a spot to spot separation 

of 150-200 μm. The plume produced from laser irradiation of each spot was 

captured using a USB2000+ fiber optic spectrometer from Ocean Optics 

(Dunedin, FL) incorporating a 2048 element CCD detector that was used in 

conjunction with a 1-mm bare silica-fiber to acquire spectra.  Since the intensity 

of the output from the spectrometer was dependent on the position of the optical 

fiber, an imaging system that viewed the entire plume was used to avoid 

excessive variation in the spectra.  The fiber was attached to an XYZ stage and 

positioned to view the ablation plume produced in the 5 x 5 mm2 area ablated.  

Distinct calcium emission lines only present in enamel were used to differentiate 

between the ablation of enamel and composite. A program written in the Labview 

programming language (National Instruments, Austin, Texas) was used to 

analyze the spectra, record the presence or absence of enamel in a matrix, and 

scan the laser beam over the tooth surface. The first scan consisted of a scan of 

the entire 5 x 5 mm2 square area or region of interest (ROI).  All points in the ROI 

with the presence or absence of composite were subsequently stored in a matrix.  

The ROI was then rescanned, and only the spots identified in the matrix as 

having composite were irradiated in subsequent scans, updating the matrix after 

each scan.  Scans were repeated until the composite was completely removed 
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from the ROI.  Scanning over the entire ROI during each iteration and delivering 

laser pulses to individual spots with composite greatly reduced heat deposition.  

This approach is more efficient than delivering multiple pulses to individual spots 

without moving until the entire composite was removed from each spot. This 

approach also improved efficiency and prevented stalling since deep holes of 

high aspect ratio were not produced within the composite..  

The laser was not operated at a fixed pulse repetition rate.  The repetition 

rate was determined by the rate at which the program analyzed the plume and 

then subsequently triggered the laser. The number of spots irradiated per second 

fluctuated slightly and fell between 200-220.  Figure 7 describes the program 

used for selective ablation.   

 

 

Figure 7:  Flowchart of algorithm used for computer automated selective ablation process 
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In order to ensure the clear absence of composite at a level smaller than 

the laser spot size, an additional final “clean up” scan was implemented.  Within 

each laser spot, it is possible to have both exposed enamel and residual 

composite, particularly at the outside border of the composite.  This cleanup scan 

consisted of scanning the latter scan’s array of saved points during its fifth 

iteration as well as shifting the scan area by 100 �m to the top right and bottom 

left corners of the scanning area to eliminate composite-enamel edges which 

may contain trace amounts of composite.  The array in the fifth iteration of the 

initial scan is important as this array demarcates the initial composite region 

without including extraneous points to prevent additional damage to the enamel 

surface.  

Images of the spectra produced from the GrenGlooTM composite and 

enamel have been published. Both have sodium peaks at around 580-nm, but 

the enamel peak is more intense.  The composite spectrum is identical to the 

spectrum of glass which was observed previously. Specific to enamel is a very 

strong calcium peak centered at 605 nm.  The ratio and intensities of the 580 and 

605 nm peaks were used to differentiate between composite and enamel. Figure 

8 illustrates the difference in spectral readings between enamel and composite. 
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Figure 8:  Plume emission spectra of dental enamel (black) and composite (red). Note the 

higher intensity of emission from enamel, the common sodium emission line at 580-nm in 

both spectra and the strong calcium emission line at 605-nm in the enamel spectrum only. 

 

 

Results 

A diffractive optic lens was purchased for accomplishing our first aim (to 

test the hypothesis that the use of a top hat spatial profile generated using 

diffractive optics will significantly reduce the surface damage to enamel).  Aim #1, 

however, after early testing, was aborted due to the fact that the diffractive optic 

lens failed to provide a uniform spatial intensity profile. The uniform top-hat beam 

profile that was desired was not achievable. Therefore, we decided not to 

proceed with treating samples with this lens. Instead, we pursued our second aim 
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of testing the hypothesis that the spatial overlap of a laser beam operating with a 

single spatial mode (Gaussian distribution) can be manipulated to minimize the 

surface damage to enamel. We performed multiple rounds of tests altering one 

variable at a time to work out the most ideal laser parameters.  

The first rounds of samples were tested in groups of five teeth. Samples 

#1-5 were tested with varying degrees of overlap (250µm, 200µm, 150µm, 

100µm, 50µm) and the following fixed laser parameters: Spot size = 750µm, 

Fluence = 4.0 J/cm2, Energy = 17.2mJ. The surface roughness (damage to the 

enamel) was evaluated on the 3D digital microscope at 1000x magnification. The 

surface roughness was quantified in microns (µm) of modulation. Some images 

and results are shown below: 

Sample #1: 250µm overlap, Modulation=1.5-2.3µm 

  100x     1000x 

 

Sample #2: 200µm overlap, Modulation=2.2-3.0µm 

  100x     1000x 
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Sample #3: 150µm overlap, Modulation=1.6-4.5µm 

  100x     1000x 

 

Sample #4: 100µm overlap, Modulation=2.8-3.6µm 

  100x     1000x 
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Sample #5: 50µm overlap, Modulation=4.0-5.4µm 

  100x     1000x 

 

 

The next rounds of samples were tested at a much smaller spot size 

(120µm) to allow us to more clearly analyze the results at high magnification. At a 

spot size of 120µm, we were still able to view both sides of the intact (un-ablated) 

enamel surfaces with the ablated surface in the center at 1000x magnification on 

the microscope.  
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The laser parameters tested in these rounds were both the overlap and 

fluence. At the smaller spot size, the degree of overlap tested was 25µm and 

50µm. The fluences tested was 3.0 J/cm2 (Energy = 0.35mJ), 4.0 J/cm2 (Energy 

= 0.42mJ), and 5.0 J/cm2 (Energy = 0.57mJ), respectively. The surface 

roughness (damage to the enamel) was evaluated on the 3D digital microscope 

at 1000x magnification. The surface roughness was quantified in microns (µm) of 

modulation. Some sample #6 images are shown below:  

Sample #6: Parameters: Spot size = 120µm; Energy = 0.35mJ, 0.45mJ, 

0.57mJ; Fluence = 3.0, 4.0, 5.0 J/cm2; Overlap = 25µm, 50µm 

Sample #6: Fluence = 3.0 J/cm2, Overlap = 25µm, 

Modulation=10-13µm 

 

Sample #6: Fluence = 3.0 J/cm2, Overlap = 50µm, 

Modulation=4.0-6.5µm 
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Sample #6: Fluence = 4.0 J/cm2, Overlap = 25µm, 

Modulation=14-17µm 

 

Sample #6: Fluence = 4.0 J/cm2, Overlap = 50µm, 

Modulation=4.5-7.5µm 
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Sample #6: Fluence = 5.0 J/cm2, Overlap = 25µm, 

Modulation=19.5-24µm 

 

Sample #6: Fluence = 5.0 J/cm2, Overlap = 50µm, 

Modulation=2.5-4.75µm 
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Sample #6 and others with the same laser parameters clearly show that 

50µm of overlap causes much less surface modulation than 25µm of overlap. At 

this point, we can also conclude that the ideal fluence should be somewhere 

between 4.0 J/cm2and 5.0 J/cm2. 

The next samples evaluated were samples #7-12. They were tested with 

varying amounts of iterations (the number of times the laser passed over the 

same area). Number of iterations is important to evaluate, because when 

removing composite the laser will repeatedly pass over the same area and ablate 

until the spectrometer reads that there is no composite remaining. Therefore, 

there may be parts of enamel that get ablated several passes. It will be important 

to be able to predict how the enamel will respond. Also, we were interested in 

visualizing the melting and cooling phenomenon that has been seen in enamel 

ablation with CO2 lasers. All these samples had the following laser parameters: 

Spot size = 150µm, Fluence = 4.0 J/cm2, Energy = 0.45mJ. The number of 

iterations was varied from 2x to as high as 100x.  The surface roughness 
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(damage to the enamel) was evaluated on the 3D digital microscope at 1000x 

magnification. The surface roughness was quantified in microns (µm) of 

modulation. Some images and results are shown below: 

Sample #7: Parameters: All @ 50µm overlap, 120µm spot size, E=0.45J, 

and Fluence of 4.0J/cm2, Variable= # of iterations: 5x, 15x, 25x, 50x, 100x 

 

       5x      15x             25x                 50x          100x 

 

 

From sample #7 we see that even with up to 100 iterations of laser 

ablation at our selected parameters, the most modulation seen was only 30.5µm. 

Since this maximum in modulation was seen at 25 iterations, the next samples 

were done with 25x being the highest number of iterations. 

Iterations Modulation 
5x 12.4-20 
15x 4.5-14.5 
25x 10.6-30.5 
50x 12.9-20.1 
100x 10.2-20.6 
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Samples #9-12: Parameters: All @ 50µm overlap, 120µm spot size, 

E=0.45mJ, and Fluence of 4.0J/cm2, Variable= # of iterations: 2x, 5x, 10x, 15x, 

25x 

 

Sample #9 (2x, 5x, 10x, 15x, 25x sequentially) 

    

  

Images from samples #10-12 look very similar to sample #9. Below is a list of the 

results found in these samples: 

 
Iterations Modulation 

s9 2x 0.5-2.0 

 
5x 2.0-4.0 

 
10x 3.0-5.0 

 
15x 6.0-8.0 

 
25x 7.0-9.0 

s10 2x 2.5-3.5 

 
5x 4.0-6.0 

 
10x 3.5-5.5 
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15x 2.0-5.0 

 
25x 6.0-9.0 

s11 2x 2.0-3.0 

 
5x 2.0-3.5 

 
10x 7.0-8.5 

 
15x 7.0-9.5 

 
25x 5.0-6.5 

s12 2x 2.0-4.0 

 
5x 2.0-3.5 

 
10x 1.5-3.5 

 
15x 3.5-7.5 

 
25x 6.0-9.0 

 

After we were able to obtain good results with the previous samples, we 

were ready to proceed to the clinical application of composite removal. Although 

the spot size of 120µm was excellent for viewing both sides of the ablation on the 

digital microscope, it was not able to remove composite at clinically relevant 

speeds.  For this purpose, we needed to alter the laser parameters for clinical 

application/relevance. We switched the spot size of the laser from 120µm to 

450µm.  

 With the new spot size, we had to re-test the degree of overlap. Overlap of 

250µm – 50µm was tested with the following results: 

• 250µm=1.2-2.04µm surface modulation (1.62±0.42µm) 

• 200µm=1.5-2.16µm surface modulation (1.83±0.33µm) 

• 150µm=2.1-3.9µm surface modulation (3.0±0.9µm) 

• 100µm= 2.0-3.5µm surface modulation (2.75±0.75µm) 

• 50µm=3.0-4.5µm surface modulation (3.75±0.75µm) 

Some images and results can be seen below: 
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Sample #1-5: Parameters: Spot size = 450µm, Fluence = 4.0 J/cm2, 

*Overlap=250µm, 200µm, 150µm, 100µm, 50µm, Energy = 6.32mJ 

Sample #1: 250µm overlap, Modulation=1.2-2.04µm 

(1.62±0.42µm) (notice the small amount of spacing between the pulses) 

 

        



! 29!

Sample #2: 200µm overlap, Modulation=1.5-2.16µm 

(1.83±0.33µm) 

 

Sample #3: 150µm overlap, Modulation= 2.1-3.9µm 

(3.0±0.9µm) 

 

Sample #4: 100µm overlap, Modulation= 2.0-3.5µm 

(2.75±0.75µm) 
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Sample #5: 50µm overlap, Modulation= 3.0-4.5µm 

(3.75±0.75µm) 

 

The least amount of surface modulation was seen at 250µm overlap. At 

250µm overlap, however, there was a little space between laser pulses, so we 

decided to use 200µm overlap for composite sample ablations to more evenly 

ablate the sample with ideal overlap. 

After testing this round of five samples at the new spot size of 450µm, we 

noticed a trend in the degree/amount of surface modulation. As we increased the 

amount of laser overlap (from 250 to 50µm), we got more enamel surface 
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modulation. All samples had very minor amounts of enamel loss (1.2-4.5µm), 

which is much less than previous studies reporting an average of 25µm of 

modulation.5 The amount of enamel lost with our final laser parameters averaged 

2.59 ± 0.63 µm. The laser settings that produced the best results were the 

following: Spot size= 450 µm, Fluence= 4.0 J/cm2, Overlap= 50 µm.  

Statistical analysis was performed on the samples treated with differing 

degrees of laser overlap. A linear regression was created with the five degrees of 

overlap tested and their resulting surface modulation. Figure 9 shows the linear 

regression of the data. The data was statistically significant (p=0.0003) for a 

difference from zero in the overlaps tested. It also showed a strong correlation 

(R2=0.8153). 

 

Figure 9: Linear regression of the 5 degrees of overlap tested (x-axis) and the enamel 

surface modulation (y-axis). 

0 100 200 300
0

1

2

3

4

5

Sample 1-5, Parameters:
Spot Size=450µm, Fluence=4.0J/cm2, Energy=6.32mJ

Overlap (µm)

M
od

ul
at

io
n 

(µ
m

)



! 32!

Once these results had been achieved, we wanted to verify composite 

removal at these laser parameters for a sense of completion. These enamel-

conserving parameters were still able to remove composite at clinically relevant 

speeds. We bonded GrenGlooTM composite to both polished enamel surface 

samples and intact buccal surfaces, and then ran the laser for composite removal 

with spectral feedback.  

Sample #20 

 

  Figure 10: A polished sample with GrenGlooTM composite before (left), and after (right) 

  

When removing composite from enamel surfaces with a rapidly scanned 

CO2 laser, one way to verify the removal of the residual composite was by 

listening. There was definitely an audible difference when all the composite had 

been removed and only enamel was being ablated.  

Figure 11 shows examples of intact buccal tooth surfaces before and after 

composite removal. The composite on each tooth was left behind after debonding 

the orthodontic brackets by mechanical means with debonding pliers. Half of the 
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residual composite was then removed with the laser to maintain a good 

comparison with untreated composite. The enamel surface was modified in the 

area of laser ablation, and showed surface melting with wavelike structures with 

the greatest removal at the center of each laser pulse, as previously described by 

Zuerlein et al.17 

 
Figure 11: Photographs of GrenGlooTM composite on intact (non-polished) buccal 

surfaces, before (A), after composite placement (B), and after laser ablation (C) 

 

Figure 12 shows the topography of the tooth surface using the Keyence 

3D digital microscope system, including the perikymata of untreated enamel and 

the enamel after laser ablation. These views give you a good look at the surface 



! 34!

changes in the enamel. You can see the wavelike appearance of the melting and 

recrystallization of the enamel. 

 

Figure 12: Optical micrograph showing the topography of the tooth surface untreated (A) 

and after laser ablation (B) at 1000x magnification 

 

 

Discussion: 

 The selective removal of composite using a CO2 laser with spectral 

feedback produced a level of enamel modification that was well below 

conventional means for removal with dental low-speed and high-speed 
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handpieces. Most debonding techniques result in some enamel loss. However, 

the degree of enamel loss varies widely in the literature.2 Enamel loss at the acid 

etching stage for 15-30 seconds with 37% phosphoric acid can be 8.8-16.4 µm,23 

but it has also been reported to be as little as 3 µm.24 Loss after the removal of 

residual composite with carbide burs can remove a mean of around 50 µm.4 In 

comparison, Pus and Way reported 5 µm of enamel loss with prophylaxis with a 

rubber cup.25 The thickness of enamel is usually about 1500-2000 µm, and the 

loss of 60 µm is not thought to be detrimental to the tooth.7 However, the surface 

fluoride layer gradient is very steep, with the highest concentration at the surface 

and a rapid decline in the first 20 µm of enamel.2 Therefore, preservation of the 

fluoride-rich surface layer of enamel should be attempted when removing 

residual composite. In this study, the amount of enamel loss, with all our different 

parameter experiments, ranged from 1.2 – 30.5 µm. When our study settled on 

its final parameters, the enamel loss averaged 2.59 ± 0.63 µm. This amount is 

well under our desired aim of less than 10 microns of enamel loss.  

The selective removal of composite with spectral feedback ensures that all 

the composite is removed in the target area, and that a consistent and known 

amount of underlying enamel is affected.  

As the laser hits enamel, melting and recrystallization can also occur. This 

process can modify and possibly raise the surface. Therefore, the measured 

vertical surface deviations or modulation may not represent the actual loss of 

enamel.  
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 When visually evaluating the tooth surface after irradiation, the surface 

texture produced by the laser was visible to the naked eye only when the surface 

was completely dry. A chalky etched appearance is visible at the ablated sites 

when the samples are dried. The degree of surface texture or modulation varied 

slightly depending on the laser parameters used. Our study was able to 

accurately quantify the surface profile thanks to the use of our 3D digital imaging 

system (Keyence).  

 The time required to remove residual composite with the rapidly scanned 

CO2 laser is comparable, if not faster than conventional methods. The time to 

remove all composite in this study was between 10-30 seconds per tooth. Using 

conventional methods, total time to remove all residual composite and polish the 

tooth surface can differ depending on the number of steps included in each 

clinician’s debonding protocol. Ryf et al. also reported a total composite removal 

time of 65.9±14.0 seconds with two steps and up to 183.5±14.1 seconds per 

tooth for four-step procedures.21 Composite thickness may have been greater on 

some of our samples than others, but that is also something that often varies 

from tooth to tooth in clinical settings. 

 The greatest challenge in composite removal was avoiding a thin layer of 

residual composite that was left at the margin between the residual composite 

and the enamel. It was necessary to develop a “clean-up” algorithm in order to 

account for overlap at the enamel and composite margins. Another challenge of 

selective ablation with spectral feedback was balancing the water spray repetition 
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rate with the analysis of the plume, since too much water negated the ability of 

the spectrometer to capture the plume. In addition, too little water caused 

charring of the residual composite, slightly altering its plume, and leaving 

composite on the enamel surface. A light pulsed water spray at a rate of 

0.5mL/min, 0.5 Hz, and a 0.25 duty cycle was ideal to prevent composite charring 

and to minimize the interference in plume analysis.  

To use lasers to remove residual composite from orthodontic bonding and 

obtain a nice smooth overlap, the clinician needs a laser that is capable of 

operating at a high repetition rate. More laser pulses are needed for a greater 

overlap, creating the desired smooth overlap. More pulses will slow down the 

ablation, so a high repetition rate becomes critical to allow for the speed always 

demanded by clinical relevance. It is more effective to use a large amount of 

pulses, each with a small amount of energy than fewer pulses with each having 

much more energy. Newer lasers are now available that are capable of operating 

at extremely high repetition rates, above a thousand pulses per second. In 2014, 

the first 9.3 micron CO2 laser was cleared for hard tissue use in clinical dentistry 

by the FDA.  

There are new CO2 lasers now available commercially that are much 

smaller than the original lasers, and the one we used in this study. These lasers 

are becoming more and more affordable and are small enough to be easily used 

chairside in a patient’s mouth. 
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Conclusions: 

Residual orthodontic composite can be selectively removed from the tooth 

surface using a rapidly scanned CO2 laser with spectral feedback with minimal 

damage to the underlying enamel surface. The spatial overlap of a laser beam 

operating with a single spatial mode (Gaussian distribution) can be manipulated 

to minimize the surface damage to enamel. Laser parameters like energy, spot 

size, fluence, and overlap can be adjusted to reduce the surface damage to 

enamel to extremely low levels. Future studies will incorporate a hand-held 

device that can be used in vivo to remove composite restorations or residual or 

residual orthodontic composite. 
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