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Abstract: Non-flat structures are essential features in key mechanical functional surfaces such as 

aero-space engine blade tenons, screw rods and machine tool guide rails etc., which usually 

require profile grinding as the finishing process to meet demanding working requirements. 

However, the precise manufacturing of profile grinding wheels remains challenging as it is hard 

to remove the superhard materials within the grinding wheel in a controllable way. Dressing the 

target wheel by laser ablation appears promising, however, the interactions between the laser 

energy beam and target composite materials are quite complex, especially the combined 

behaviours among a serial of adjacent ablation tracks are hard to understand when concerning 

the ever-changing Overlap Rates (ORs) and feed rates in the ablation process. In this study, the 

nature of the laser beam and the characteristics of the beam energy distribution are analysed. 

The shapes for the laser ablation under various ORs and feed rates are theoretically analysed 

and experimentally validated. Based on the results, empirical prediction models regarding 

ablation depth, width, and topography changing with ORs and feed rates are established. Finally, 

the possibility of manufacturing profiled grinding wheels by controlling overlap and feed rates is 

studied. An attempt to generate precise non-flat structures (including stepped and curved 

surfaces) via ablation with a CO2 laser using the developed strategies is performed, and a smooth 

profile with a relative error of 2.2% is achieved without any extra focal plane change manipulations. 

The work provides a novel strategy for the manufacturing of complex profile grinding wheels. 
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1 Introduction 
The need for precise manufacturing of non-flat grinding wheels has been highly emphasized due 

to increasingly demanding requirements in the finishing of modern, complex, functional profiled 

surfaces [1, 2]. This process is characterized by a need for high-precision, uniform dimensions 

and a large batch size. However, a number of issues closely related to the fabrication of grinding 

wheels with various profiles have been widely reported, e.g. difficulty of removing super hard 

materials [3], manufacturing precision [3, 4], and machine tool wear [5]. Therefore, exploring the 

proper strategies to fabricate non-flat grinding wheels in a precise, efficient manner remains an 

important topic to be addressed. 
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1.1 Applications of non-flat grinding wheels 

Previously, non-flat grinding wheels have been studied for use in various scenarios (e.g. ultra-

high-strength gears [6, 7], aero-space engine blade tenons [8], screw tools [9, 10], optical 

components [11-14], and other machine components, like dry vacuum pump rotor [15] and the 

groove of the ball bearing’s inner ring [5]) and significant progress has been achieved. 

For the manufacturing of high-performance gears, form grinding has remained one of the most 

important finishing methods. By changing the gear setting errors, Fang et al. [6] proposed an error 

compensation method to improve the form grinding accuracy for gears. Li et al. [16] proposed a 

function-oriented form-grinding approach to obtain excellent and stable contact performance of 

cylindrical gears by designing modified forms based on a predesigned controllable fourth-order 

Transmission Error (TE) function and error sensitivity evaluation. To optimize the gear grinding 

process parameters and prevent tooth surface burn, Su et al. [17] studied the temperature field 

of the grinding zone by using both the theoretical calculation and finite element modelling and 

verified the validity and feasibility of the model by metallographic analysis. By using self-

developed, new micro-crystal corundum grinding wheels, Wang et al. [18] conducted 

experimental and theoretical analysis on the form grinding processes of 20CrMnTi steel involute 

gears tooth surfaces. They predicted the grinding temperature and avoided tooth burning through 

online detection of the tangential grinding forces. Jin et al. [19] developed a comprehensive 

thermal model to analyse the heat transfer mechanism in form grinding of involute gears, and Yi 

et al. theoretically and experimentally studied the temperature field distribution [20, 21], grinding 

force, heat flux, and residual stress [22] in gear form grinding. The results demonstrate that the 

calculated temperature distribution along the tooth profile has a rather good agreement with the 

measured result. 

For the free form profile manufacturing, Li et al. [2] employed electroplated cubic boron nitride 

(CBN) profiled grinding wheels, carrying out profile grinding experiments on FGH96 turbine disk 

slots, high precision slot error with ±0.012 mm and low surface roughness of 0.8 μm were obtained. 

To enhance the wheel shape retention, suppress thermal damage, and increase the material 

removal rate, Zhao et al. [23] investigated the directional solidified nickel-based superalloy DZ125 

with an electroplated CBN wheel. With the help of a profile-adapted needle nozzle, high shape 

accuracy and good surface integrity were achieved and the specific material removal rate was 

improved to 50 mm3/mm, while only a slight grinding temperature variation was measured along 

with the profile in the grinding zone. Zhang et al. [24] investigated the wear detection of the wheel, 

which provides the basis for the precision NC curve point grinding strategy. Liao et al. [25] 

proposed a 2D wheel-profile errors model to directly compensate for 3D curved wheel errors in 

automatic grinding, which avoided any on-machine measurement, improved the freeform grinding 

accuracy and efficiency. Wang et al. [12] studied the ultra-precision grinding of the non-rotational 

asymmetric biconical free-form optics with a raster grinding path. By using a novel feeding 

compensation truing strategy, two types of grinding wheels with high profile accuracy and desired 

surface topography were successfully trued, a larger size monocrystalline silicon biconical free-

form optics with profile accuracy 6.0 μm and nanometre surface roughness was successfully 

achieved. Wang et al. [13] studied the envelope grinding of micro-cylinder array lenses using a 

near arc-profile wheel without on-machine precision truing. Starkov et al. [26] comparatively 
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analysed the performance of Cubic Boron Nitride and Microcrystalline alumina tools in profile 

grinding of form cutter under production conditions, finding the vitrified cubic boron nitride wheel 

has demonstrated an essentially better performance in terms of removal rate, dressing cycles, 

and overall labour input. Miao et al. [8] studied the grinding force and surface quality in creep feed 

profile grinding of turbine blade root of nickel-based superalloy with microcrystalline alumina 

abrasive wheels. The results provided industry guidance to optimize the machining process for 

the high-valued parts with complicated profiles. Xie et al. explored the strategies to improve the 

accuracy of the freeform surfaces from the aspect of form-truing error compensation [27], 

dispersing grinding wheel profiles [28], and adjusting tool posture angle without on-machine 

wheel-profile truing [29]. Some researchers manage to improve the surface accuracy by path 

planning method, e.g., for error region grinding of aero-engine blades with the free-form surface 

[30] and Elastic-contact-based tool-path planning for the free-form surface in belt grinding [31]. 

In addition to the applications mentioned above, Bogutsky et al. [32] calculated the profile of the 

intermittent grinding wheel for the sharpening teeth of the broach. Chen et al. [11] studied the 

curvature effect on surface topography and uniform scallop height control in normal grinding of 

optical curved surfaces considering wheel vibration. Ichida [33] studied the performance of profile 

grinding of ultrafine-crystalline CBN abrasive wheels by producing V-shaped grooves on a flat 

surface in one pass by creep feed grinding. The study shows a 5-15% drop in grinding force and 

4 times increase in grinding ratio, and high dimensional accuracy and better form retention are 

achieved when compared to conventional ones. Liu et al. [34] proposed a novel optimization 

design method for form grinding wheels for screw rotors and the effectiveness of the method is 

validated by the evidence that it made the screw profile significantly improved compared with the 

empirical method. 

1.2 Grinding wheel dressing strategies 

It is widely recognised that dressing strategies are the key factors that determine the surface 

micro/macro topography/morphology of the profile grinding wheels, which have a great influence 

on the machining accuracy, quality, and efficiency. Deng et al. [35] reviewed the research status 

and development bottleneck of various dressing methods for super abrasive grinding wheels, and 

point out that the efficiency and accuracy on the dressing of forming grinding wheels for complex 

curved parts (e.g., aerospace components, gears, and aspherical optical lenses) has been the 

bottleneck of wheel dressing technology. 

Typically, material removal strategies are the most widespread profile dressing method that has 

been used, Denkena et al. [36] employed a mechanical method patterning the profile grinding 

wheels, and based on the which, they developed an analytical model that enables a design of 

patterning process of profile grinding wheels. However, in the dressing process, it shows the 

pattern size is significantly influenced by the patterning tool and the strategies. Therefore, some 

researchers explored the energy beam-based technologies, e.g., abrasive waterjet and laser. 

Firstly, Axinte et al. [37] reported an abrasive waterjet (AWJ) turning technology that profiling and 

dressing grinding wheels through the tangential movement of the jet plume, both the advantages 

and limitations of this technology is discussed. Deng et al. [38] carried out online efficient and 

precision laser profile of bronze-bonded diamond grinding wheels using a pulsed fibre laser, 

investigated the effects of the laser cutting depth and the track-overlap ratio of the laser cutting 



P a g e  4 | 28 

on the efficiency, precision, and the quality of laser profiling. The results demonstrate that an 

increase in the laser cutting depth caused an increase in the material removal efficiency during 

the laser profiling process. The higher the laser peak power density is, the higher the surface 

contour precision of the grinding wheel after profiling. Notably, Guo et al. [39] employed a 

theoretical model guiding the laser truing process of V-shaped CBN grinding wheel and the result 

was experimental validated by nanosecond laser. It shows the V-shaped angle of wheel could 

reach 90.15° with a bottom fillet of 53 µm, while the truing time could be reduced by 72%-83% 

compared to mechanical method. Walter et al. [3] utilized an ultrashort pulsed laser (picosecond 

laser) to ablate regular micro patterns into the surface of CBN grinding tools, a high degree of 

control and flexibility regarding pattern geometry and the feature size is achieved, besides no 

significant thermal deterioration of the abrasive grits resulting from the laser process has been 

detected. Meanwhile, to lower the dressing cost and further improving the laser dressing efficiency, 

Rushworth et al. [40] tried to dress profiled grinding wheels employing a 2,000 W commercial 

fibre laser, and good shape accuracy was achieved despite the unwanted micro-steps. 

Apart from material removal dressing strategies, some researchers investigated additive 

strategies, mainly (i) electroplating and (ii) brazing methods, e.g. Aurich et al. [41] applied the 

masking technology for the preliminary adhesion of the grains on the wheel hub so that the 

uniformly distributed grain pattern was achieved. Ding et al. [42] and Chen et al. [43] found the 

mismatch of the thermal expansion between abrasives, filler alloys, and the substrate can result 

in substantial residual stress, and therefore both the Cu-Sn-Ti and the Ag-Cu-Ti filler systems 

were separately employed to achieve a lower filler melting point. To release residual stress after 

brazing, Huang et al. [44] introduced the ultrasonic vibration into the diamond brazing process 

and successfully obtained the textured grinding wheel where not only the high bonding strength 

between filler alloy and diamond grits but also the high grain protrusion and therefore large chip 

storage were achieved. Li et al. [45] investigated induction brazing of profiled CBN wheel for 

grinding aerospace materials (Ti-6Al-4V). The interesting study here can be bio-inspired 

electroplating grinding tools generated by Yu et al. [46], where the phyllotactic pattern of the 

abrasives was allocated on the abrasive tool surfaces by using light-sensitive PVC together with 

UV exposure technology. However, these technologies are time-consuming, making them costly 

for general applications. 

To be different, rather than working on the grinding wheels, some researchers explored the 

machining technique strategies on the workpiece. Zhao et al. [47] proposed a novel processing 

of ultrasonic vibration-assisted forming grinding gear, which provides a novel process technology 

for gear machining. Hsue and Chang [4] studied the synchronous hybrid micro-EDM grinding of 

micro-holes using helical taper tools formed by Ni-Co/diamond Co-deposition. Guo et al. 

investigated the water assisted pulsed laser machining with mist spray [48] and its optimisation 

[49] to reduce the recast layer and ensure the precision and continuity of laser machining. Tao et 

al. [10] studied parameter adjustment for error correction in the precise machining of screw rotor 

profile. Xu et al. [50] studied the fast on-machine profile characterization for grinding wheels and 

error compensation of wheel dressing. Although these works make up for the deficiency of the 

prior arts to some extent, these technologies either increased the energy cost or the additional 

equipment are required, which increased the whole cost of the machining. 
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1.3 Research gaps and aims 

In conclusion, non-flat grinding wheels are important profile grinding tools for the finish machining 

of non-flat surfaces, such as profile grinding of gear, free-form surfaces, optical components, and 

other demanding surfaces, and significant progress have been achieved. However, it is widely 

accepted that the dressing strategies have been kept a bottleneck for the machining non-flat 

grinding wheels. 

Thus, the aim of this paper is to generate precise non-flat profile grinding wheels via CO2 laser 

ablation. The ablation law regarding overlap rate and feed rate on the grinding wheel materials is 

investigated specifically in this study. The corresponding predictive models for the prediction of 

ablated topography, width, and depth are established. Based on the research results, an attempt 

to fabricate high-resolution non-flat surfaces by continuously controlling the overlap rate and feed 

rate change is demonstrated. The presented work provides a novel approach for manufacturing 

non-flat grinding wheels. 

2 Theoretical analysis 

2.1 The general ablation processes 

In the ablation process, the laser beam is focused by a focus lens and the focused spot is kept 

still on the top surface of the resin bond diamond grinding wheel (see Fig. 1a). The grinding wheel 

can be precisely controlled by servo motors to perform rotational and transversal motions. As the 

focused laser beam has a high energy density, especially at the focal spot, the targeted materials 

will be deteriorated and removed by the intensive energy (View A in Fig. 1a), generating a slot 

related to the energy. 

However, for a certainly focused laser beam, it has a focus site (see Fig. 1b) or focal plane (View 

A in Fig. 1a) along the laser beam propagation direction and the power density in the site is the 

highest. The centre laser power density decreases with the defocusing distance increase (see 

Fig. 1c) and the materials were eventually unable to be removed due to insufficient energy [51, 

52]. But, the energy beam kept heating the slot boundary, allowing a Heat Affected Zone (HAZ) 

to form. As the bond agency is made of resin, which has a relatively lower creep deterioration 

temperature, HAZ also makes the ablation depth changes since the material deterioration may 

also occur because of the heating. 
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Fig. 1 Ablation process. (a) the ablation process diagram and the character of the ablated slot (View A); 
(b) the general shape of a focused laser beam; (c) the energy distribution at the certain cross-section along 

the laser propagation direction [51]. 

2.2 The parallel overlap ablation 

Given that various energy fluences over the ablation threshold of the target material can be 

obtained by controlling the overlap ratio of the laser spot, various ablation behaviours could 

happen in the process with the overlap ratio changing [53, 54]. When no overlap (see the definition 

in Fig. 2a) in the ablation process, each laser spot is independent as little heat will be accumulated 

and no base shape discrepancy between the two adjacent spots (see case 1 in Fig. 2a). When 

the overlap is introduced (see case 2 in Fig. 2a), both the heat accumulation and base shape 

discrepancy start to affect the ablated topography. With the overlap ratio and ablation time 

increasing, the material removal behaviour tends to be more seriously affected, larger HAZ and 

deeper ablation depth have been found in previous studies [54, 55]. However, the ablated 

topographies in the stable stage are kept the same under a certain overlap ratio as the heat 

accumulation has a balance point, as shown in Fig. 3. 
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Fig. 2 Definition of overlap ablation. (a) the overlap ratio definition in single pass ablation; (b), (c) and 
(d) in multi-pass parallel overlap ablation. 

In the parallel overlap ablation (or line overlap [56]), the laser ablation process is performed along 

with the previous ablated slot, the overlap ratio in different cases are defined in Fig. 2 (b), (c) and 

(d). As no parallel overlap happen when the distance between the adjacent tracks is over the spot 

diameter, the ablation track intervals between the two slots are normally equal to or smaller than 

the diameter of the spot. By the methodology of analogy, it can be found that the parallel overlap 

ablation is an extension for single-pass overlap ablation from an array to a matrix. Differently, as 

heat generated in track 1 usually has little effect on track 2, most of the heat-related issues 

(including the incubation effect [57]) rarely happen in parallel overlap ablation. Therefore, the 

topography in parallel overlap ablation is little affected by the heat accumulation but is close 

affected by the base shape and overlap ratio of two laser tracks. 

Based on the theoretical analysis above, here further predicted the topographies of five parallel 

overlap passes (the ablated slots do not change much after 5 passes, see Fig. 3) under various 

cases from OR 00% to OR 100% with an interval of 20%, as showing below: 
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Fig. 3 Ablation results after multiple passes. (a) and (b) the physical model of the ablated samples; (c) 
and (d) The ablation width and depth changes with feed rate and pass number under laser power 60 W. 

(1) When the OR is lower or equal to 50%, like the case OR 00% (see Fig. 4a), as no overlap 

happened between the two adjacent tracks, the two tracks have little effect on each other. Hence, 

the superposition of the two tracks will not cause ablation depth changes. For the case OR 20% 

(see Fig. 4b) and the case OR 40% (see Fig. 4c), although a certain amount of overlap has 

occurred, the power density in the bottom of the slot is low due to defocusing effect (especially off 

the centre of the laser beam), which indicates the ablation depth of the superposed two tracks will 

not be dramatically changed. Thus, the ablation depth is not likely to change significantly when 

the OR is less than 50%. 

(2) When the OR exceed 50%, the ablation process starts to slightly increase the ablation 

depth (see Fig. 4d to Fig. 4f) due to (i) the relative higher power density in the current beam 

centre being close to the previous ablated slot bottom, (ii) the previous ablated slot enables the 

current laser beam directly reach to the bottom of the slot. Finally, when the OR increases to 100% 

(two tracks are fully overlapped), the residues between the two tracks disappeared (see Fig. 4f). 

Meanwhile, the final ablated depth of the fully overlapped ablation will not be equal to the sum of 

the independent ablation depths since the power density in the section changes along the laser 

beam propagation direction. 
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Fig. 4 Diagram of parallel overlap ablation. (a) no overlap (OR 00%); (b) less than half overlap (OR 
20%); (c) less than half overlap (40%); (d) over than half overlap (60%); (e) over than half overlap (80%); 
total overlap (100%). 

Theoretically, with the overlap rate (OR) increase (track intervals decrease), the ablation residue 

is reduced from the highest level at OR 00% to the lowest at OR 100%. Actually, when taking into 

consideration the size effect, heat accumulation, and heat impact, the ablation residues between 

the tracks are hard to be detected. Three major reasons may account for the issue, (i) the residual 

between the two tracks usually has a small volume and a big heat convection surface area, the 

size effect makes these small structures easily to be heated, (ii) the heat accumulation process 

is easier to happen in the bottom of the ablation, which furthermore heated these small structures, 

and (iii) these small structures are also can damaged by the intensively transient heat impact. 

The disappearing of the ablation residues would likely interest the ablation results that a flat, 

transition and round bottom can be obtained by employing the ORs that are much smaller than 

50% (see Fig. 4a & b), near around 50% (see Fig. 4c & d), and much bigger than 50% (see Fig. 

4e & f), respectively. 

In conclusion, due to the nature of laser beam energy distribution, the ablated topography types 

are very limited for a single track, especially the bottom shapes. However, as both the nature of 

the laser beam energy distribution and the laser parallel overlap rate would have a crucial effect 

on the ablated profile (the dominant effect of overlap ablation can be changed by controlling the 

ORs), the ablated topography (including the width, depth, and shape) can be largely extended by 

overlap ablation. With this, it is clear that some general applications regarding non-flat grinding 

wheels (e.g., the stepped/free-form surface) can be obtained by selecting the appropriate ORs. 

3 Experimental investigation 

3.1 Experimental methodology 

The layout of the experimental system is shown in Fig. 5 (a), which involves a laser machine 

(including laser control PC and laser machine body), a positioning system (including motion body 

and motion controller), and a laser distance sensor (including laser distance sensor and PC). The 

linear and circular motions and positions for the ablation process were accurately controlled by 

the specially-made positioning system (see View A in Fig. 5a), which has the translational and 
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the rotational motion accuracies of 1 μm and 0.009 deg based on the G-code-based NC system. 

The translational and rotational motion speeds were separately within the ranges of 0~1,500 

mm/s and 0~1,800 deg/s. The radial runout error of the grinding wheel is precisely detected by 

the laser distance sensor, and manually-adjusted till the runout error is within 0.01 mm. 

The continuous-wave carbon dioxide laser generator (LE900, Hongfan Tech. Company) is 

employed (The specific of the generator is shown in Tab. 1). 

Tab. 1 Details of the carbon dioxide laser generator. 

Maximum power (W) Wavelength (µm) Repeat frequency (Hz) Focal spot (mm) Focal length (mm) 

60 10.6 5000 0.3 12.5 

A commercial red semiconductor laser distance sensor (MSE-TS803-60/10, Moduloc System 

Engineering Ltd.) is used in this study (see more details in Tab. 2). 

Tab. 2 Details of the laser distance sensor. 

Range (mm) Linearity (F.S) Resolution (F.S) Temperature drift (F.S /°С) Frequency (Hz) 

10 ±0.05% 0.01%  0.02%  Max.9400  

The standard commercial resin bond diamond grinding wheels (D125N75B771/8, 3M Company) 

is used in all the trials in this study (see more details in Tab. 3). 

Tab. 3 Details of the used diamond abrasive grinding wheels in the trial. 

Shape Size (mm) Abrasive type Mesh No. (#) Hardness Abrasive density (vol.%) Bond 

plate Φ125×Φ32×20 Diamond 120 N 75% phenolic resin 

As this paper aims to study the effects of ORs on the ablated depth under various feed rates, 

wide ranges of both the OR and feed rate were employed. To make the results comparable, all 

the trials using six different levels of ORs and six levels of laser feed rates were performed on 

one diamond wheel surface in the air atmosphere. As shown in Fig. 5 (b), the whole wheel was 

equally divided into six segments (see samples A to F) along with the wheel circumferential 

direction and in each sample, there were six ablated tracks along the wheel axis direction 

(OR00%-OR100% with an interval of 20%). The laser feed rate was incrementally increased from 

segment A (5.0 mm/s) to F (10.0 mm/s) based on our previously study [58]. The tracks OR was 

incrementally increased from the OR 00% to OR 100% and there are 5 parallel passes for each 

OR (see View B and View C in Fig. 5b). The used parameters were given in Tab. 4. 

Tab. 4 Employed laser parameters in the trials. 

Trial No. ORs(%) Feed rate (mm/s) Segment No.  Trial No. ORs(%) Feed rate (mm/s) Segment No.  

1-6 100,80, 
60,40, 
20,00 

5.0 A 19-24 100,80, 
60,40, 
20,00 

8.0 D 
7-12 6.0 B 25-30 9.0 E 
13-18 7.0 C 31-36 10.0 F 

After the laser ablation process, the diamond grinding wheel was firstly cut into 6 samples (A-F) 

by the wire-EDM machine (MV2400S, Mitsubishi Electric Company), and the two cross-sections 

of each sample were carefully polished by the polisher (Yuzhou Company) with alumina sizes of 

#320 (1 hour), #600 (1 hour) and #1,200 (3 hours). After that, each sample was cleaned by a 

hairbrush and ultrasonic distilled water bath for 1 hour and then air-dried at room temperature. 

Then the optical microscopy (NSZ-810, NOVEL OPTICS) was performed to observe and measure 

the ablated slots (see Fig. 5c), where the ablated top width (W), the bottom depth (H), and the 
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topography are recorded. Then the second-order regression prediction model is established 

based on the ablated top width and bottom depth. Besides, the topography was fitted by the nine 

key points on the observed cross-section profiles based on super-Gaussian and polynomial 

functions. The nine key points including one deepest valley point (where the depth was h, see the 

Point P5), two endpoints (see the Point P1 and P9), and six intersecting points between the cross-

section profile and the horizontal lines having the depth of 20%, 60% and 90% of h (see the Point 

P2- P4 and P6- P8). The top width and bottom depth are separately defined as the distance of 

the two endpoints (P1 and P9) and the vertical distance of the endpoint (P1 or P9) to the deepest 

valley point (P5), see View D in Fig. 5 (c). 
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Fig. 5 Experiment methodology. (a) experimental setup including the laser machine (left) and the 
specially-designed positioning system (right); (b) the ablation strategy where the wheel was equally divided 
into six segments (A-F) and in each segment there were six ablated tracks along the wheel axis direction 
(OR 00 % - OR 100% with an interval of 20%, where OR refers to Overlap Rate). The laser feed rate was 
incrementally increased from segment A (5.0 mm/s) to F (10.0 mm/s), while the tracks OR was 
incrementally increased from the OR 00% to OR 100% and there are 5 parallel passes for each OR; (c) 
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the measurement system for the ablated slots, and the nine key points that the ablated width (W), depth 
(H) and topography are based to be recorded. 

3.2 Experimental results and analysis 

The detailed ablation results (for 60 W laser power) with duty cycle and feed rate change are 

recorded and analysed, where the Overlap Rate (OR) changes from 00% to 100% with an interval 

of 20% and Feed Rate changes from 5.0 mm/s to 10.0 mm/s with an interval of 1.0 mm/s. Both 

the data for ablated top width (TW) and bottom depth (BD) have been collected, and the ablated 

topography is analysed as well. Based on the data, the ablation law regarding TW and BD change 

with overlap rate and feed rate are achieved, and then the corresponding empirical prediction 

model has been established. 

3.2.1 The influence on the ablated topography under varying feed rates and 
overlap rates 

As expected, nearly no residuals can be found in the whole cases of the experimental process 

thanks to the strong laser heat that destroyed the micro-structures between the two passes. 

Besides, the feed rates seem to change little of the ablated bottom shape, they only narrow the 

ablation width and shallow the ablation depth with the feed rates increase under certain OR (see 

feed rate 5.0 mm/s in Fig. 6a to feed rate 10.0 mm/s in Fig. 6f). This phenomenon may account 

for that the feed rate changes the energy intensity on the whole, but the energy distribution state 

in the laser beam cross-section is kept unchanged, which is determined by the nature of the laser 

beam. As the laser energy distribution in a certain laser beam cross-section does not change, the 

ablated profile will not change as well. However, due to the whole energy intensity becoming 

weaker, both the ablation width and depth were reduced. 
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Fig. 6 The influence on the ablated topography under varying feed rates and overlap rates. (a)-(f) 

refer to feed rate of 5.0 mm/s, 6.0 mm/s, 7.0 mm/s, 8.0 mm/s, 9.0 mm/s, 10.0 mm/s, respectively. Slot No. 
1-No. 6 refer to the overlap rate from 00% to 100% with an interval of 20%, where OR 00% and OR 20% 
showed a flat bottom, OR 40% and OR 60% showed a transition bottom, and OR 80% and OR 100% 
showed a round bottom. 

Interestingly, the topography of the ablated slot bottom changes with the OR under the whole 

used feed rates, from flat bottom, via transition bottom, to round bottom (see slot 1 to slot 6 in Fig. 

6). To be specific, when the OR is far less than 50% the bottom of the slots tend to be flat, while 

they tend to be round when the OR is far over 50%, and they tend to be transition bottom when 

the OR is near 50%. This is likely due to the dominating effect of overlap that when the 

neighbouring two laser passes are far (say far less than 50%), the current laser pass has little 

effect on the previous one. As a result, each pass’s ablation process is relatively independent and 

the removal depth is the same. With the OR becoming larger, the neighbouring two passes 

become close, especially the intensive energy distributed in the laser beam centre overlapped, 

the ablation depth will change dramatically as the laser beam in the current pass will reach the 

bottom directly since the previous pass has removed part of the materials. 
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3.2.2 The influence of overlap rate changes on the ablation law under different 
feed rates 

Fig. 7 (a) shows the ablation width decreases with the ORs increase under all the feed rates. 

However, the overlap rate effect ablation width in a different way under various feed rates that the 

ablation width has a wide variation range under lower feed rate. The ablation width decreased 

1.06 mm (from 2.86 mm to 1.80 mm) for 5.0 mm/s when the OR changes from 00% to 100%, 

while the data for 10.0 mm/s only decreased 0.35 mm (from 2.00 mm to 1.65 mm). There is no 

doubt that the ablation width decreased with the ORs increase as the reduced parallel track 

intervals make the effective sum width of the tricks narrow. Due to more heat would be 

accumulated in low feed rate that enlarges the heat affect zone, which would further extend the 

ablation width. Thus, it makes the variation range larger in the low feed rate than that in the high. 
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Fig. 7 The influence of overlap rate changes on the ablation law under different feed rates. (a) the 
effect of overlap rate on ablation width;(b) the effect of overlap rate on ablation depth. 

As the figure for ablation depth, Fig. 7 (b) shows it overall has a climbing tendency with the overlap 

rate increased at any feed rates, and deeper ablation depth can be achieved under a lower feed 

rate, as expected. Surprisingly, the overlap rate seems to affect equally the ablation depth (a 0.15 

mm average fluctuation is found for each feed rate). Interestingly, the ablation depth is kept almost 

unchanged (average increased by 3.13%) when the overlap rate is lower than 50%, but the 

ablation depth shows a fast growth (average increased by 7.79%) when the overlap rate is over 

50%, doubled the grows rates in lower overlap rate. It's not hard to understand the phenomenon, 

as the two adjacent tracks have little effect on each other when the overlap rate is low. With the 

overlap rate increase, the mutual effect between the two adjacent tracks becomes intensive, 

which causes the ablation depth to begin to change dramatically. However, for the limited ablation 

depth change, it is likely due to the dual role of the defocusing effect of the laser beam that is 

determined by its nature and the narrowed ablation slot caused by the increased overlap rate. 

3.2.3 The influence of feed rate changes on the ablation law under different 
overlap rates 

Fig. 8 (a) shows the ablation width decreases with the feed rates increase under all the ORs. To 

be different, the feed rate effect ablation width more violently under a lower overlap rate that a 

maximum fluctuation of 0.86 mm is found for OR 00% when the feed rate changes from 5.0 mm/s 
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to 10.0 mm/s, while the figure for OR 100% only decreased 0.15 mm from 1.80 mm to 1.65 mm, 

which almost keep unchanged. Undoubtedly, as the heat affect zone will be decreased with the 

feed rate increase due to less heat will be accumulated in the ablated area. Meanwhile, with the 

overlap rate increase, the effect scope is getting narrow, hence the feed rate shows a negative 

correlation to the ablation width, and a moderate fluctuation range appears in a higher overlap 

rate. 
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Fig. 8 The influence of feed rate changes on the ablation law under different overlap rates. (a) the 
effect of feed rate on ablation width; (b) the effect of feed rate on ablation depth. 

Fig. 8 (b) shows the whole trend of ablation depth reduced slightly with the feed rate growing 

under the trialled ORs, and higher ablation depth appears in low feed rate with high OR (a 

maximum drop of 0.30 mm is found in feed rate 5.0 mm/s with OR 100%). Interestingly, the feed 

rate seems to affect almost equally the ablation depth under the trailed ORs, to be specific, the 

average drop for all trails is 0.24 mm with a maximum variation of 0.06 mm. It is easy to be 

understood that the ablation depth is reduced with the feed rate increase, as the increased feed 

rate reduced the laser energy fluence, which is crucial to the ablation process. As for the effect of 

feed rate work on the ablation depth, it is likely due to the feed rate changed laser energy fluence, 

which puts a similar effect on the ablation cases with various ORs. Meanwhile, the defocusing 

effect of the laser beam that determined by its nature and the narrowed ablation slot caused by 

the increased overlap rate. As a result, the ablation depth drops at a similar trend with the feed 

rate increases under the trailed ORs, and the ablation depth appears deeper in low feed rate with 

high OR. 

In short, the experimental results are consistent with the theoretical analysis. The profiles of the 

ablated topography are close related to the OR, by controlling the OR changes from 00% to 100%, 

the bottom shape of the slots can be changed from flat to round. Meanwhile, the feed rate changes 

little of the profile, but with the feed rate increase, both the ablation width and depth are reduced. 

With the law, the possibility to generate desired stepped surfaces and curved surfaces by 

selecting the proper processing parameters can be validated. 

3.3 Empirical prediction model 

As the ablated results are determined by the overlap rate and feed rate in this study, a second-

order regression equation is employed to establish the prediction model. The effectiveness of this 

model in solving practical problems has been proved in the previous study, which has shown a 
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pleasant result [59]. The standard form of second-order regression prediction model of two 

interaction factors is given by Eq. (1): 

𝑓(𝑥1, 𝑥2) = 𝜀 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽12𝑥1𝑥2 + 𝛽11𝑥1
2 + 𝛽22𝑥2

2 (1)  

Where: 𝑥1 is the overlap rate (%), and 𝑥2 is the feed rate (mm/s). 

3.3.1 Prediction model for ablated width and depth 

By fitting the data with the second-order regression prediction model, the ablation width changes 

with overlap rate and feed rate are expressed as Eq. (2): 

𝑓1(𝑥1, 𝑥2) = 4.739 − 1.666𝑒−2𝑥1 − 4.578𝑒−1𝑥2 + 5.357𝑒−6𝑥1
2 + 1.223𝑒−3𝑥1𝑥2 + 1.875𝑒−2𝑥2

2 (2)  

where: 𝑥1 represents the overlap rate (%), 𝑥2 represents the feed rate (mm/s), and 𝑓1(𝑥1, 𝑥2) 

represents the ablation width (mm). 

Fig. 9 (a) shows the overview prediction result of ablation width changes with overlap rate and 

feed rate, which indicate the ablation width decreases with both the increase of overlap rate and 

feed rate. Fig. 9 (b) and (c) show the side view of overlap rate and feed rate influence on the 

ablation width, respectively. They shown the overlap rate linearly affect the ablation width while 

the feed rate non-linearly affects the ablation width. 
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Fig. 9 Ablation width changes with overlap rate and feed rate. (a) The overview of the prediction result; 
(b) The influence of overlap rate on ablation width; (c) The influence of feed rate on ablation width. 

By using the same fitting method, the second-order regression prediction model regarding the 

ablation depth changes with overlap rate and feed rate is expressed as Eq. (3): 

𝑓2(𝑥1, 𝑥2) = 1.605 − 8.652𝑒−4𝑥1 − 1.055𝑒−1𝑥2 + 1.213𝑒−5𝑥1
2 + 1.343𝑒−4𝑥1𝑥2 + 3.065𝑒−3𝑥2

2 (3)  

where: 𝑥1 represents the overlap rate (%), 𝑥2 represents the feed rate (mm/s), and 𝑓2(𝑥1, 𝑥2) 

represents the ablation depth (mm). 

Fig. 10 (a) shows the overview prediction result of ablation depth changes with overlap rate and 

feed rate, which indicate the ablation depth reduces with the feed rate increase and the decreases 
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of overlap rate. Fig. 10 (b) and (c) show the side view of overlap rate and feed rate influence on 

the ablation depth, respectively. They indicate that both the overlap rate and feed rate non-linearly 

affect the ablation depth, and the ablation depth has a larger fluctuation range under a given 

overlap rate than that under a given feed rate.  
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OR 00%
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8 mm/s

7 mm/s6 mm/s
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Fig. 10 Ablation depth changes with overlap rate and feed rate. (a) The overview of the prediction 
result; (b) The influence of overlap rate on ablation depth; (c) The influence of feed rate on ablation depth. 

The goodness of fit of the two empirical prediction models is evaluated as shown in Tab. 5. It 

shows the Sum of Squares due to Error (SSE) and the Root Mean Squared Error (RMSE) tend 

to be zero. Both the two prediction models’ confidence level is over 95%, and the Coefficient of 

determination (R-square) for the two models is 0.9693 and 0.9411, respectively. These signs 

indicate the predicted results are credible and desirable. 

Tab. 5 Goodness of fit. 

No. Prediction Models SSE RMSE R-square Confidence level 

1 𝑓1(𝑥1, 𝑥2) 0.1168 0.0624 0.9693 > 95% 

2 𝑓2(𝑥1, 𝑥2) 0.02373 0.02812 0.9411 > 95% 

3.3.2 Prediction model for ablated topography 

Fig. 11 shows the fitted profile of each ablated topography with 95% confidence bounds, where 

the Fig. 11 (a) - (d) are fitted by the Super Gauss formula as their bottom tend to be flat, Fig. 11 

(e) is fitted by unary quartic polynomial due to the round bottom and the slight asymmetry profile, 

and Fig. 11 (f) is fitted with quadratic polynomial for its round bottom and symmetry profile. 

With the overlap increases, it shows the whole ablation widths become narrow and the ablation 

depths become deep. Meanwhile, the bottom shapes gradually change from flat to round. As 

expected, these basic characteristics trends are consistent with the experimental results. 
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Fig. 11 The fitted profile of the ablated topography with 95% confidence bounds. (a), (b) flat bottoms 
generated by overlap rates 00% and 20% (fitted by Super Gauss Formula); (c), (d) transition bottoms 
generated by overlap rates 40% and 60% (fitted by Super Gauss formula); (e), (f) round bottoms generated 
by overlap rates 80% and 100% (fitted by Polynomial). Wherein, the alphabetic subscript (a-f) and numeric 
subscript (1-6) in the fitting functions (fxx) represent feed rates (5.0 mm/s - 10.0 mm/s, increased by 1 mm/s) 
and ORs (00% - 100%, increased by 20%), respectively. 

To further understand the correctness of the prediction model, the goodness of fit for each profile 

is also analyzed, as shown in Fig. 12. Despite there being also some worst situations that the R-

square results are lower than 90%, these figures all show the acceptance of the prediction model. 

To be specific, the maximum SSE and RMSE are 0.142 (see Fig. 12a) and 0.154 (see Fig. 12b), 

respectively. Meanwhile, the R-square in most of the cases are over 96% (see Fig. 12c), even in 

the worst situation, the lowest R-square result is 89% (located in OR 40% in Fig. 12c). Actually, 

the worst predictions are all distributed in the process situation OR 40% and OR 60%, e.g. 89%, 
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91% shown in process situation OR 40%, and 94%, 95% shown in process situation OR 60%, 

this is likely due to the sake of irregular transition bottom shape cased the poor fit of the prediction 

results. 
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Fig. 12 Goodness of the fitted profiles. (a)-(c) the Sum of Squares for Error (SSE), Root Mean Square 
Error (RMSE), Coefficient of Determination (R-square) changes for each feed rate under various overlap 
rates, respectively. 

4 Applications 

Based on the research results, an attempt to manufacture two kinds of high-resolution non-flat 

surfaces (multi-steps and free forms) by controlling the focal plane, the overlap rate and feed rate 

are demonstrated, which is the usage of the knowledge above to select the proper ablation 

parameters for the generation of the desired profile. 

The ablation strategies can be explained by Fig. 13, where the laser power of 60 W is employed 

throughout the experiments, the Focal plane (FP), overlap rate and feed rate are taken as the 

variables to achieve a wide range of ablation topography. Wherein, the overlap rate and feed rate 

are respectively controlled by axial moving speed and rotational speed of the grinding wheel 

manipulated by a precision positioning system, while other ablation parameters are kept 

unchanged. According to the designed profile, a serial of processing parameters are carefully 

selected for each feature based on the predictive models. 
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Fig. 13 Planned ablation strategies for designed non-flat grinding wheels. (a) strategies on multi-
steps wheel featured with large-span macro-steps (steps tagged with No. 1, 2 and 3), deep-narrow slot 
(slot tagged with No. 7) and high-resolution micro-steps (steps tagged with No. 4, 5 and 6); (b) curved-
surfaces wheel featured with exponential (surfaces tagged with No. 1), parabolic (surfaces tagged with No. 
2) and arcuate (surfaces tagged with No. 3) generatrix. 

To be specific, Fig. 13 (a) shows the details of strategies on a multi-step wheel, which featured 

large-span macro-steps (steps tagged with No. 1, 2 and 3), deep-narrow slot (slot tagged with No. 

7) and high-resolution micro-steps (steps tagged with No. 4, 5 and 6). Wherein, steps tagged with 

No. 1 to No. 6 are carried out under overlap rate 00% while step tagged with No. 7 is carried out 

under overlap rate 100% for 5 repeated passes. Meanwhile, except step tagged with No. 3 is 

ablated in two different focal planes (the ablated surface in focal plane 1 is carefully cleaned 

before the ablation process in focal plane 2), all the other steps are ablated in focal plane 1. Fig. 

13 (b) reveals the strategies on a curved-surfaces wheel featured with exponential (surface 

tagged with No. 1), parabolic (surface tagged with No. 2) and arcuate (surface tagged with No. 3) 
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generatrix. Wherein, exponential generatrix (surface tagged with No. 1) is generated with 6 times 

FP change. In the first 5 FPs, an overlap rate of 50% (the adjacent two passes will not cause the 

ablation depth to dramatically increase) is employed in the same FP and the laser beam shift by 

0.15 mm (the radius of the focus spot) sequentially between the FPs to adjust the positions and 

focal planes. Additionally, several fixed scanning speed is assigned to the laser beam in different 

focal planes (10.0 mm/s, 5.0 mm/s, 1.0 mm/s, 1.0 mm/s, 5.0 mm/s and a function controlled speed 

which is formulated according to the errors between the current and the target ablation depth, 

respectively). The parabolic generatrix (surface tagged with No. 2) is generated with 2 times FP 

change and both the two FPs (FP1 and FP3) use the same ORs of 80% (the ablated profile 

achieved in this OR is similar to the target profile) and the same functional feed rate designed 

according to the target profile. Differently, the arcuate (surface tagged with No. 3) generatrix is 

generated in the same FP, while the feed rate and ORs are synchronously changed along the 

target profile to get the final ablation result (the maximum depth of this profile is capable enough 

for one-time ablation forming). It is worth mentioning that the ablated surfaces are carefully 

cleaned with a hairbrush to minimize the effect of attachments when multiple FPs is employed. A 

0.15 mm length is reserved for both the ends in each focal plane as the HAZ will remove the 

unwanted materials. 

After the whole ablation process, the achieved grinding wheel is carefully cleaned with a hairbrush 

and ultrasonic distilled water bath for an hour, and a sample is taken from the wheel and polished. 

Then the cross-section profile of the grinding wheel sample is photographed by optical microscopy 

and measured by a laser distance measurement sensor, and the comparisons between the 

measured and designed target profiles are presented in Fig. 14. 



P a g e  23 | 28 

 
Fig. 14 Ablation results using proposed strategies. (a) multi-steps profile wheel featured with large-
span macro-steps (steps tagged with No. 1, 2 and 3), deep-narrow slot (slot tagged with No. 7) and high-
resolution micro-steps (steps tagged with No. 4, 5 and 6); (b) curved-surfaces profile wheel featured with 
exponential (surfaces tagged with No. 1), parabolic (surfaces tagged with No. 2) and arcuate (surfaces 
tagged with No. 3) generatrix. 

Fig. 14 (a) shows the Mean Relative Error (MRE) for the comparison of the optical measurement 

and designed results of the multi-step profile wheel. It shows the errors increased with steps 

aimed at deeper ablation depth, like step tagged with No. 3 aimed -3.00 mm has the error of 

19.95% (the maximum error), step tagged with No. 2 aimed -1.5 mm has the error of 13.49%, 

while steps tagged with No. 1 and No. 4 both aimed -0.75 mm achieved the errors of 3.06% and 

2.75% respectively. For these steps achieved in the same focal plane tagged with No. 1, No. 2, 

No. 4, No. 5 and No. 6, the errors are likely to stem from the off-focus effect of the laser beam 

causing the imperfect of the prediction model. Meanwhile, the step tagged with No. 7 is also 

suffered from the nature of the laser beam energy distribution as described in Fig. 1 (c). For step 

tagged with No. 3 achieved with the adjustment of the focal plane may be suffered from both the 

off-focus effect and the potential graphitisation effect due to the heat effect from the previous pass 

that makes the target materials hard to remove. 

As inspired by the ablation results from Fig. 14 (a) that the errors can be restrained when the 

ablation depth is shallow. Therefore, Fig. 14 (b) shows the results after an adjustment for the 

ablation strategies that performed the ablation process by using multiple focal planes to control 
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the ablation depth for each ablation step. Amazingly, the overall error for the results of the curved 

surfaces is dramatically decreased, where the biggest error is 7.03% for the curved surface 

tagged with No. 1 and followed by 6.83% for the surface tagged with No. 2. As a contrast, the 

most pleasant results would be the surface tagged with No. 3 that only a 2.22% error is found. 

The errors from surfaces tagged with No.1 and No. 2 that are likely due to the adjustment of the 

focal plane make the laser energy easily arrive at the target materials, which causes some of the 

materials over removed with the laser beam multiple passes on the ablated surfaces. The 

pleasant result from the surface tagged with No. 3 could attribute to (i) the relatively small ablation 

depth makes it no necessity to change the focal plane, (ii) the synchronously change of both the 

feed rate and ORs that makes it capable to cover all the designed key points, and (iii) the relatively 

smooth profile makes the platform possible to response all the set processing parameters.  

Overall, the measured results by both the optical microscopy and the laser distance measurement 

sensor showed great consistency with the proposed model (as shown in Fig. 14). However, some 

discrepancies were found between the two different measurement methodologies, especially in 

the measured results for surface tagged with No. 1 in Fig. 14 (b) - the maximum discrepancy 

exceeds 28%. Two reasons may account for the discrepancies: (i) the profile boundaries can be 

easily recognised by optical method, but as some deteriorated material is still attached to the 

matrix, they cannot be distinguished by the laser measurement sensor. Therefore, the 

measurement accuracy for the laser distance measurement sensor is closely related to the quality 

of cleaning applied to the HAZ; (ii) the surface tagged with No. 1 in Fig. 14 (b) featured the largest 

ablation depth and curved surface, and is manufactured with multiple focal plane changes and 

feed rate parameter adjustments, leading to a larger and less predictable HAZ. 

5 Conclusions 

In this study, both theoretical and experimental work is carried out to investigate the possibilities 

of manufacturing the high-resolution profiled grinding wheel by controlling the focal plane, ORs 

and feed rate change. Generally, the key conclusions drawn from the paper can be summarized 

as below: 

1) The natures and the characters of the laser beam ablation are analysed, based on the 

analysis, the possibilities of manufacturing the profiled grinding wheel by controlling the ORs are 

theoretically analysed and experimentally proved. It revealed that for the given laser conditions, 

the ablation depth will not be obviously increased when the overlap rate is below 50% for the 

nature of laser beam energy super-Gauss distribution, and even if the overlap rate is 100%, the 

ablation depth will also not be continuously increased for the off-focus effect. 

2) The ablation law regarding ablated depth, width, and topography changes with overlap 

rate and feed rate is studied, and the corresponding empirical prediction models are established. 

Meanwhile, the errors for the prediction models are also analysed. It shows the ablation depth is 

kept almost unchanged when the overlap rate is lower than 50% and the ablation depth begins 

to grow obviously when the overlap rate is over 50%. The average drop for all feed rates is 0.24 

mm with a maximum variation of 0.06 mm under the trailed ORs that indicate the feed rates affect 

almost equally the ablation depth. In the worst situation, the established prediction model still has 

the R-square result of 89%, which indicated the effectiveness of the model. 



P a g e  25 | 28 

3) An application attempt to generate precise non-flat surfaces like stepped surfaces and 

curved surfaces by using the CO2 laser generator has been demonstrated, which showed the 

pleasant result can be achieved by the developed strategies in this study. It shows with the 

synchronous change of both the feed rate and ORs, a relatively smooth profile with a relative 

error of 2.22% can be achieved without extra focus plane changes (an effective way to avoid 

unexpected errors resulting from the off-focus effect when deeper ablation depth is required). 
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