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Abstract 

Natural arthropod cuticles exhibit micro-scale surface features that reduce drag and control interfacial 

interactions during motion. The cuticle of desert scorpions exhibits periodic ridge–groove 

microstructures that regulate contact and reduce resistance during locomotion over solid terrains. 

Inspired by the micro-topography of scorpion skin, this study translates a biological surface concept 

into a functional engineering solution for tribological control in dry machining. Bioinspired micro-

grooves with 0.2 mm spacing were fabricated on the flank surface of tungsten carbide inserts using 

Nd:YAG laser texturing. A comparative experimental investigation between conventional and textured 

inserts was conducted during dry turning of C-20 steel over a wide range of spindle speeds, feed rates, 

and depths of cut. Tool performance was quantified through tool-tip temperature rise, insert wear by 

weight loss, SEM wear morphology, and 3D surface profilometry of the machined workpiece. The 

biomimetic textured inserts exhibited a 1–6 °C reduction in temperature rise, up to 50% reduction in 

wear, corresponding to nearly 100% improvement in effective tool life, along with significantly 

improved surface finish at higher machining parameters. The improvements are attributed to reduced 

real contact area, suppression of adhesive junction formation, and debris entrapment, mechanisms 

analogous to drag-reduction strategies observed in scorpion cuticle morphology. The study 

demonstrates how bioinspired surface architecture can be functionally transferred to cutting tools to 

achieve measurable tribological and thermal benefits in a practical engineering process. 
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1. Introduction 

Machining operations constitute a major share of industrial energy consumption, and a significant 

portion of this energy is dissipated as frictional heat at the tool–chip and tool–workpiece interfaces [1–

3]. This friction accelerates tool wear, elevates cutting temperature, degrades surface finish, and limits 

the feasibility of dry machining [4]. With growing emphasis on sustainable and green manufacturing, 

minimizing friction and wear in machining processes without the use of coolant has become an 

important research objective [5–8]. 

Surface texturing has emerged as an effective technique to control tribological behavior by modifying 

the real area of contact between interacting surfaces. Micro- and nano-scale textures such as grooves, 

dimples, and cross-hatches can trap wear debris, reduce adhesive contact, and alter local stress 

distribution at the interface [9–12]. Among the available techniques, Laser Surface Texturing (LST) has 

gained particular importance because it allows precise and repeatable fabrication of micro-features on 

hard tool materials such as tungsten carbide without affecting their bulk properties [13,14]. In 

machining applications, texturing has been predominantly applied on the rake face of cutting tools to 

influence chip flow and reduce adhesion [12,15,16]. However, recent investigations indicate that the 

flank face also plays a crucial tribological role because it remains in continuous contact with the newly 

machined surface and contributes significantly to frictional heat generation and flank wear [11,16,17]. 

Therefore, flank face texturing has been proposed as an effective approach to reduce friction at the tool–

workpiece interface during dry turning. 

Bio-inspired surface textures derived from natural organisms such as shark skin, reptile scales, lotus 

leaves [18], and scorpion skin have gained significant attention in tribology because of their inherent 

drag-reducing, anti-adhesive, and wear-resistant characteristics developed through evolutionary 

optimization [14,19–22]. The micro-topography of scorpion cuticle consists of longitudinal ridges and 

grooves that are known to regulate interfacial interaction during locomotion by reducing drag and 

controlling contact with surrounding surfaces [23]. SEM observations reported by Han et al. [21] show 

that these ridges are periodically spaced and act to interrupt continuous contact, thereby minimizing 

resistance during motion over granular and solid terrains. This natural strategy of contact regulation and 

drag reduction provides a functional template for engineering surfaces where sliding interaction governs 

frictional losses. These natural surfaces possess micro- and nano-scale patterns that effectively control 

interfacial interactions, enabling reduced resistance, efficient motion, and self-cleaning behavior. When 

such textures are replicated on engineering surfaces, particularly on cutting tools through laser surface 

texturing, they have been shown to significantly modify contact mechanics at the tool–chip and tool–

workpiece interfaces [16,17,22,24]. The micro-grooves and patterned features reduce the real area of 

contact, thereby minimizing adhesive bonding and suppressing built-up edge formation. Additionally, 

the grooves act as micro-reservoirs that trap wear debris, reducing third-body abrasion and stabilizing 

sliding conditions. The altered surface topography also redistributes local contact stresses and lowers 
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interfacial pressure, further decreasing adhesion and wear. A direct consequence of these combined 

mechanisms is a reduction in frictional heat generation, leading to lower interface temperature, 

improved tool life, and better surface integrity of the machined component. Importantly, this approach 

enhances machining performance through passive geometric modification rather than external 

lubrication, making bio-inspired textures particularly suitable for dry and sustainable machining 

environments [7,9,25,26]. 

Despite the encouraging results reported in the literature, most studies focus on limited combinations 

of texture geometry and machining parameters. There remains a lack of systematic studies that combine 

(i) realistic industrial insert geometries, (ii) bio-inspired flank texturing, and (iii) a wide range of 

machining parameters such as spindle speed, feed rate, and depth of cut under dry conditions [22,27,28]. 

Furthermore, several studies report reduction in tool temperature without clearly distinguishing whether 

this reduction arises from enhanced cooling or from reduced frictional heat generation at the interface. 

In the present work, this biological surface strategy is translated to the flank face of a cutting insert, 

where continuous sliding contact with the machined surface governs frictional heat generation and wear. 

By replicating the ridge–groove concept observed in scorpion cuticle, the study investigates whether 

biomimetic surface architecture can measurably alter tribological behavior in a real machining process. 

 

2. Materials, Tool Geometry and Laser Surface Texturing 

The surface texture implemented in this study is not an arbitrary groove pattern but is derived from the 

micro-scale morphology observed on scorpion cuticle, which is known to reduce drag during 

locomotion. The intent is to replicate this biological strategy on the flank face of a cutting tool, where 

continuous sliding contact governs frictional heat generation and wear. This section describes the 

materials used in the study, the geometric configuration of the cutting insert and workpiece, and the 

laser surface texturing process employed to reproduce the scorpion-inspired micro-grooves on the tool 

insert. 

 

2.1. Tool Insert and Workpiece Material 

Tungsten carbide (WC–Co) inserts were selected for the present investigation because of their 

widespread use in industrial turning operations, high hardness, superior wear resistance, and excellent 

thermal stability under dry cutting conditions. The inserts employed in this study were uncoated and 

equilateral triangular in shape with internal angles of 60°, a side length of 1.5 cm, and a thickness of 

0.5 cm. This geometry is representative of standard single-point cutting inserts commonly used in lathe 

machining. The workpiece material used for the experiments was C-20 medium carbon steel in 

cylindrical rod form. C-20 steel is widely used in shafts, automotive components, and general 



This manuscript is a preprint and is submitted for journal publication. 

 

engineering applications due to its good machinability and balanced mechanical properties, making it 

suitable for evaluating practical machining performance. The chemical compositions of both the 

tungsten carbide insert and the C-20 steel workpiece are provided in Table 1. 

Table 1. Chemical composition of tungsten carbide insert and C-20 steel workpiece. 

 Elements Wt.% 

Tool Insert 

(Cutting tool) 

Tungsten Carbide 84.96 

Cobalt 14.98 

Iron 0.048 

WorkPiece 

Iron 99.101 

Carbon 0.200 

Manganese 0.465 

Phosphorus 0.024 

Sulphur 0.024 

Silicon 0.186 
 

The dimensional representation of the insert, the inspiration from scorpion skin, and the textured flank 

region are illustrated in Figure 1. 

 

Figure 1: Scorpion cuticle morphology and its equivalent micro-groove model used for flank biomimetic 

surface texturing: (top) scorpion skin showing ridge–groove structure; (bottom left) insert mounted on tool 

holder; (bottom center) conventional triangular insert surface; (bottom right) laser-textured flank surface with 

0.2 mm groove spacing. 

2.2. Geometric Features of the Tool Insert 

The triangular insert provides three identical cutting edges, of which one edge is actively involved in 

machining at a time. During turning, while the cutting edge shears the material, the flank surface of the 
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insert remains in continuous sliding contact with the newly machined surface of the workpiece. This 

continuous contact generates significant frictional heat and is primarily responsible for flank wear under 

dry machining conditions. Since the flank face plays a dominant role in tool–workpiece frictional 

interaction, it was selected as the region for biomimetic surface texturing. Modifying the surface 

characteristics of this region is expected to reduce real contact area, minimize adhesion, and 

consequently reduce frictional heat generation and wear. 

 

2.3. Laser Surface Texturing Inspired by Scorpion Skin 

Bio-inspired micro-grooves were fabricated on the flank surface of the tungsten carbide inserts using a 

fiber laser system based on Nd:YAG crystal with a wavelength of 1064 nm. The texture pattern was 

inspired by the micro-features observed on scorpion skin, which are known to reduce drag and 

resistance during motion. Uniform grooves with a spacing of 0.2 mm were produced along the flank 

surface. The groove spacing of 0.2 mm was selected to be of the same order of magnitude as the ridge 

spacing reported in scorpion cuticle morphology [21], ensuring that the engineered texture retains 

geometric similarity with the biological prototype. The laser parameters employed during the texturing 

process are listed in Table 2. 

 

Table 2. Laser processing parameters used for fabrication of scorpion-inspired micro-grooves on the 

flank surface 

S. No. LASER Parameters Values 

1. Crystal used for LASER Nd: YAG 

2. Laser Power (W) 20 

3. Wavelength (nm) 1064 

4. Pulse Frequency (kHz) 2 

5. Distance between two grooves (mm) 0.2 

6. Scanning speed (mm/s) 5 

 

During laser ablation, debris and recast material are often deposited around the grooves. To remove 

these irregularities and obtain clean groove geometry, the inserts were subjected to a lapping process 

after texturing. The effectiveness of this process was verified using scanning electron microscopy. SEM 

images of the textured insert before and after lapping are shown in Figure 2(a) and 2(b), respectively. 
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Figure 2: SEM images of laser-textured flank surface: (a) after laser texturing without lapping; (b) after 

lapping showing clean and well-defined grooves. 

 

2.4. Experimental Setup and Machining Parameters 

Turning experiments were conducted on a Pioneer GHL-175 semi-automatic lathe machine. The 

experimental setup for performing turning operations using the single-point cutting tool is shown in 

Figure 3. 

 
Figure 3: Experimental setup for dry turning of C-20 steel using a single-point tungsten carbide insert on 

a semi-automatic lathe. 
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The relative positioning of the conventional and textured inserts with respect to the workpiece and the 

direction of tool motion during turning are illustrated in Figure 4. 

 

Figure 4: Relative positioning of tool insert and workpiece during turning: (a) direction of tool motion; 

(b) conventional insert in contact with workpiece; (c) textured insert showing flank interaction region. 

 

The machining parameters selected for the experiments are provided in Table 3. Each experiment 

consisted of a cutting length of 12.5 cm repeated for 15 passes under dry machining conditions. 

 

Table 3. Machining parameters selected for dry turning experiments 

Parameters Values 

Spindle Speed (rpm) 315 500 775 

Depth of cut (mm) 0.12 0.16 0.20 

Feed rate (mm/rev) 0.4 0.8 1.6 

Cutting length 12.5 (cm) x 15 passes 

Machining condition Dry 

 

2.5. Wear Quantification and Percentage Reduction Calculation 

The wear of the cutting inserts was quantified by measuring the weight loss before and after each 

machining trial using a precision electronic balance. The initial weight of each insert was recorded prior 

to machining, and the final weight was measured after completion of the turning operation for a given 

parameter set. The difference between the initial and final weight represents the material removed from 

the insert due to wear. To compare the performance of conventional and textured inserts under identical 

machining conditions, the percentage reduction in wear for the textured insert was calculated using: 



This manuscript is a preprint and is submitted for journal publication. 

 

% 𝑊𝑒𝑎𝑟 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝑊𝑐 −𝑊𝑡

𝑊𝑐
× 100 (1) 

where 𝑊𝑐 is the weight loss of the conventional insert and 𝑊𝑡 is the weight loss of the textured insert 

for the same spindle speed, feed rate, and depth of cut. 

The maximum percentage reduction reported in this study corresponds to the machining condition 

where the difference between the two inserts was highest. 

2.6. Estimation of Tool Life Using Wear Data and Tool Life Relation 

In turning operations, tool life is primarily governed by progressive flank wear. Although the present 

study did not directly measure tool life in terms of machining time to reach a specified wear limit, the 

relative tool life of the inserts can be estimated from the measured wear data using the fundamental tool 

life relationship. According to Taylor’s tool life equation: 

𝑉 𝑇𝑛 = 𝐶 (2) 

where 𝑉is the cutting velocity, 𝑇is the tool life, 𝑛 is the tool wear exponent, and 𝐶is a constant for a 

given tool–workpiece combination. For identical machining conditions, the cutting velocity 𝑉remains 

constant for both conventional and textured inserts. Hence, tool life becomes inversely related to the 

rate of wear progression at the flank surface. 

Since both inserts were operated for the same machining duration, the weight loss measured from each 

insert represents the amount of material removed due to flank wear over equal time. Therefore, wear is 

inversely proportional to tool life, and the ratio of tool life of the textured insert to that of the 

conventional insert can be estimated as: 

𝑇𝑡
𝑇𝑐

=
𝑊𝑐

𝑊𝑡
 (3) 

where 𝑇𝑡and 𝑇𝑐are the tool lives of textured and conventional inserts, respectively, and 𝑊𝑐 and 𝑊𝑡are 

their corresponding weight losses under the same machining condition. 

 

The percentage improvement in tool life is then calculated using: 

% Tool life improvement = (
𝑊𝑐
𝑊𝑡

−1) × 100 (4) 

For the machining condition where the maximum difference in wear was observed, the textured insert 

exhibited nearly twice the effective tool life compared to the conventional insert. This substantial 

increase in tool life confirms that the scorpion-inspired ridge–groove structure slows down wear 
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progression by reducing adhesion, trapping debris, and lowering frictional interaction at the flank 

interface. 

Thus, the wear measurements not only quantify material loss but also provide a reliable estimation of 

tool life improvement achieved through biomimetic flank surface texturing under dry machining 

conditions. 

 

2.7. Experimental Procedure 

The experimental study was carried out in a systematic manner to ensure repeatability and accuracy of 

observations. The procedure followed was: 

1. Initial dimensions and weight of both conventional and textured inserts were measured. 

2. The C-20 steel rod was mounted in the chuck of the lathe machine. 

3. The tool holder and insert were fixed on the tool post. 

4. Initial temperature at the tip of the insert was measured and recorded. 

5. Turning operation was performed by setting the desired spindle speed, feed rate, and depth of cut. 

6. The machining operation was repeated for 15 passes for each set of parameters. 

7. After machining, the final temperature at the tool tip was recorded. 

8. Inserts were re-weighed and measured to determine wear. 

9. SEM analysis was carried out to study the wear pattern of the inserts.  

 

3. Results and Discussions 

The results presented in this section are interpreted in the context of how the scorpion-inspired surface 

architecture modifies interfacial tribology at the tool–workpiece interface. Particular emphasis is placed 

on understanding how the biomimetic groove pattern influences frictional heat generation, wear 

mechanisms, and surface integrity during sliding contact. 

 

3.1. Effect of Machining Parameters on Tool Tip Temperature (Frictional Heat Generation) 

This behavior mirrors the contact-regulation mechanism observed in scorpion cuticles, where ridge 

structures interrupt continuous surface interaction. The bulk temperature rise measured at the tool tip 

for both inserts is presented in Figure 5. At lower spindle speed, feed rate, and depth of cut, the 

temperature difference between conventional and textured inserts is relatively small. However, as 

machining parameters increase, the conventional insert exhibits a significantly higher temperature rise 

compared to the textured insert. 

 

This behavior is governed by the physics of frictional heat generation at the flank interface. During 

turning, the flank surface remains in continuous sliding contact with the newly machined surface. 
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Increasing spindle speed increases sliding velocity, while higher feed and depth of cut increase the 

normal load on the flank surface. For the conventional insert, the larger real contact area promotes 

adhesion and higher interfacial shear stress, which converts mechanical work into heat that is conducted 

to the tool tip. In contrast, the micro-grooves on the textured insert reduce the real area of contact, 

interrupt adhesive junction formation, and trap wear debris. As a result, the interfacial shear stress and 

frictional work are reduced. This leads to a measurable reduction of 1–6°C in temperature rise for the 

textured insert, particularly at higher machining parameters. The results confirm that the improvement 

arises from reduced heat generation rather than enhanced cooling.. 

 

 
Figure 5: The bulk temperature rise of a tool insert at various parameters 

 

3.2. Wear Analysis Based on Weight Loss of Inserts 

The wear behavior of both inserts quantified by weight loss is shown in Figure 6. The conventional 

insert exhibits significantly higher weight loss across all machining conditions, while the textured insert 

demonstrates up to 50% reduction in wear, especially at higher spindle speeds and feed rates. Under 

dry turning conditions, flank wear is dominated by adhesion and abrasion. In the conventional insert, 

strong adhesive bonding between tool and workpiece leads to material transfer and tearing, while loose 

debris contributes to third-body abrasion. The grooves in the textured insert act as micro-reservoirs that 

trap wear particles and reduce abrasive interaction. Simultaneously, the reduced contact area weakens 

adhesive bonding. This combined effect significantly lowers material removal from the tool surface. 

The reduced wear of the textured insert directly indicates slower wear progression and therefore longer 

effective tool life under identical machining conditions. 
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Figure 6: Weight loss of insert (Wear) of tool inserts at various parameters 

 

For the condition at 775 rpm, 0.12 mm depth of cut and 1.6 mm/rev feed, the weight loss of the 

conventional insert was approximately twice that of the textured insert, leading to 50% wear reduction 

and nearly 100% improvement in effective tool life as calculated using Eq. (3) and Eq. (4). 

 

3.3. Scanning Electron Microscope (SEM) image for wear pattern 

To understand the dominant wear mechanisms operating on the tool inserts under different machining 

conditions, scanning electron microscopy (SEM) was performed on both conventional and textured 

inserts after completion of the turning experiments. The SEM micrographs for representative parameter 

combinations are presented in Figures 7 to 11. These images provide clear visual evidence of how flank 

texturing alters the nature and severity of wear during dry machining. 

Figure 7 corresponds to low machining parameters (315 rpm, 0.12 mm depth of cut, 0.4 mm/rev feed). 

At this condition, the conventional insert shows the onset of mild abrasive scratches and small regions 

of adhesive material deposition on the flank surface. These features indicate initial stages of adhesion 

and abrasion due to sliding contact with the workpiece. In contrast, the textured insert shows very 

limited signs of wear. The micro-grooves remain clearly visible, and only minor polishing of the groove 

edges is observed. This suggests that at low loads and speeds, the textured surface effectively reduces 

continuous contact and prevents the initiation of severe wear. 
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Figure 7: SEM of the (a) conventional and (b) textured tool insert at 315 rpm, depth of cut is 0.12 mm 

and feed rate is 0.4 mm/rev 
 

Figure 8 represents moderate machining parameters (500 rpm, 0.20 mm depth of cut, 0.8 mm/rev feed). 

Under these conditions, the conventional insert exhibits pronounced built-up edge formation, deep 

abrasive grooves, and large regions of adhered workpiece material. The combination of higher normal 

load and sliding velocity increases adhesive bonding, and the subsequent tearing action produces severe 

abrasion marks. The textured insert, however, shows comparatively smoother wear tracks. The grooves 

are still identifiable, and the adhered material is considerably less. The grooves appear to have trapped 

wear debris, preventing it from ploughing across the surface. 

 
Figure 8: SEM of the conventional and textured tool insert at 500 rpm, depth of cut is 0.20 mm and 

feed rate is 0.8 mm/rev 
 

Figure 9 shows wear morphology at high spindle speed (775 rpm). The conventional insert surface is 

heavily smeared with deposited material, indicating strong adhesion and plastic deformation at the flank 

face. The presence of continuous layers of adhered material confirms severe adhesive wear. In contrast, 

the textured insert maintains visible groove patterns with limited material deposition. The interruption 

of contact by the grooves reduces the growth of adhesive junctions even at high sliding speeds. 
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Figure 9: SEM of the conventional and textured tool insert at 775 rpm, depth of cut is 0.12 mm and feed rate 

is 1.6 mm/rev 
 

Figures 10 and 11 correspond to high feed rate and depth of cut combinations. These conditions generate 

high contact pressure on the flank surface. The conventional insert shows severe plastic deformation, 

deep ploughing marks, and extensive adhesion, characteristic of combined adhesive–abrasive wear. For 

the textured insert, wear appears more uniform and controlled. The groove structure redistributes 

contact stresses and prevents the development of long continuous wear tracks. Debris particles are 

observed lodged within the grooves rather than scratching the flank surface. 

 

Figure 10: SEM of the conventional and textured tool insert at 500 rpm, depth of cut is 0.16 mm and 

feed rate is 0.8 mm/rev 
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Figure 11: SEM of the conventional and textured tool insert at 775 rpm, depth of cut is 0.16 mm and 

feed rate is 1.6 mm/rev 

 

From these SEM observations, it is evident that the primary wear mechanisms in the conventional insert 

are adhesion, abrasion, and material smearing, which intensify with increasing machining parameters. 

In the textured insert, these mechanisms are significantly mitigated because the micro-grooves reduce 

real contact area, interrupt adhesive junction formation, trap wear debris, and distribute stresses more 

evenly across the flank surface. As a result, the textured insert exhibits milder and more uniform wear 

patterns compared to the severe localized damage observed in the conventional insert. 

 

3.4. Surface Topography and Surface Finish of the Machined Workpiece 

The quality of the machined surface produced by the conventional and scorpion-textured inserts was 

evaluated using 3D surface profilometry. The surface topography maps obtained for different 

combinations of spindle speed, feed rate, and depth of cut are presented in Figures 12 to 16. These 

figures provide a direct visual and quantitative comparison of the surface characteristics imparted by 

both inserts under identical machining conditions. The peak-to-valley height variations observed in the 

maps also indicate the order of magnitude of surface roughness generated at each condition. 

Figures 12(a) and 12(b) correspond to the lowest machining parameters (315 rpm, 0.12 mm depth of 

cut, 0.4 mm/rev feed). At this condition, both conventional and textured inserts produce relatively 

smooth surfaces with minor and regular feed marks. The peak-to-valley height variation is small, 

typically in the range of 3–5 µm. The frictional interactions at the flank face are comparatively low, 
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resulting in stable cutting for both tools. Consequently, the difference in surface finish between the two 

inserts is minimal. This indicates that at low loads and speeds, the benefit of texturing is less pronounced 

because frictional effects are not dominant. 

 

(a) 
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(b) 

Figure 12: Surface roughness of (a) conventional and (b) textured tool insert at 315 rpm, depth of cut is 0.12 

mm and feed rate is 0.4 mm/rev 

 

Figures 13(a) and 13(b) show the surface topography at increased spindle speed (775 rpm) and feed rate 

1.6 mm/rev. The surface produced by the conventional insert exhibits irregular peaks and valleys, 

micro-tearing, and disturbed feed marks, with height variations increasing to approximately 8–12 µm. 

This roughness arises due to built-up edge formation and fluctuating adhesion at the flank surface, 

which introduces micro-vibrations and unstable material removal. In contrast, the textured insert 

produces a more uniform surface with smoother ridges and reduced height variation of about 5–7 µm. 

The reduction in real contact area and flank friction stabilizes the cutting process and suppresses 

vibration. 
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(a) 

 
(b) 

Figure 13: Surface roughness of (a) conventional and (b) textured tool insert at 775 rpm, depth of cut is 0.12 

mm and feed rate is 1.6 mm/rev 
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Figures 14(a) and 14(b) represent moderate combinations of spindle speed 500 rpm, feed rate (0.08 

mm/rev) and depth of cut (0.16 mm). The conventional insert surface displays noticeable waviness and 

irregularity, with peak-to-valley variation reaching nearly 12–15 µm. This is caused by adhesive 

interaction, higher contact pressure, and tool chatter. The textured insert, however, maintains a 

consistent surface profile with reduced variation of approximately 7–9 µm. The grooves on the flank 

surface redistribute contact stresses, reduce adhesion, and ensure steady sliding contact, leading to 

improved surface integrity. 

 

 

(a) 
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(b) 

Figure 14: Surface roughness of (a) conventional and (b) textured tool insert at 500 rpm, depth of cut is 0.16 

mm and feed rate is 0.8 mm/rev 

 

Figures 15(a) and 15(b) correspond to higher feed rates (1.6 mm/rev). Under these conditions, the 

conventional insert produces a rougher surface with deeper grooves and uneven material removal, with 

height differences approaching 15–20 µm. The increased feed intensifies contact pressure and adhesion 

at the flank face, and trapped debris ploughs the surface. In the textured insert, debris particles are 

trapped within the grooves, preventing third-body abrasion. As a result, the surface variation remains 

comparatively lower, typically around 8–10 µm. 
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(a) 

 
(b) 

Figure 15: Surface roughness of (a) conventional and  (b) textured tool insert at 775 rpm, depth of cut is 0.16 

mm and feed rate is 1.6 mm/rev 
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Figures 16(a) and 16(b) show the surface finish at the highest combination of spindle speed, feed rate, 

and depth of cut (500 rpm, 0.20 mm DOC, 0.8 mm/rev feed). The difference between the two inserts 

becomes most evident here. The surface produced by the conventional insert is highly irregular with 

pronounced peaks and valleys reaching 20–25 µm, indicating unstable cutting conditions, severe 

adhesion, and vibration at the flank interface. In contrast, the textured insert yields a significantly more 

uniform and smoother surface with variations limited to approximately 10–12 µm even under these 

extreme parameters. 

 

(a) 
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(b) 

Figure 16: Surface roughness of (a) conventional and (b) textured tool insert at 500 rpm, depth of cut is 0.20 

mm and feed rate is 0.8 mm/rev 

 

This behavior closely reflects the functional principle observed in scorpion cuticle morphology, where 

ridge–groove surface features regulate interfacial contact and suppress resistance during motion. 

Similarly, the biomimetic grooves on the flank surface minimize adhesion and friction-induced 

disturbances, leading to improved surface integrity of the machined workpiece. The enhancement in 

surface finish is therefore interpreted through tribological evidence obtained from temperature rise, 

wear characteristics, and surface topography, rather than any direct force measurement. The improved 

surface integrity is also consistent with the increased tool life of the textured insert, as reduced flank 

wear ensures stable tool geometry during machining. 

 

4. Conclusions 

A comparative experimental investigation was carried out to assess how scorpion-inspired micro-

grooves on the flank surface of tungsten carbide inserts influence tribological and thermal behavior 

during dry turning of C-20 steel. Uniform grooves with 0.2 mm spacing were fabricated using a fiber 

laser system, and tool performance was evaluated through measurements of tool-tip temperature rise, 

wear by weight loss, SEM wear morphology, estimated tool life from wear data, and 3D surface 
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profilometry across a broad range of spindle speeds, feed rates, and depths of cut. The study leads to 

the following conclusions: 

 

• Textured inserts exhibited up to 50% lower wear, corresponding to nearly 100% improvement in 

effective tool life due to slower wear progression at the flank interface. 

• The tool-tip temperature rise was reduced by 1–6 °C for textured inserts, demonstrating that the 

performance improvement is primarily due to reduced frictional heat generation rather than 

enhanced cooling. 

• SEM observations confirmed severe adhesion, material smearing, and abrasion on conventional 

inserts, while textured inserts showed uniform and controlled wear patterns with clearly preserved 

groove geometry. 

• Surface profilometry revealed significantly improved surface finish with textured inserts, 

especially at higher spindle speeds and feed rates where frictional effects dominate the cutting 

process. 

• These mechanisms directly parallel the drag-reduction and contact-regulation strategies observed 

in scorpion cuticle morphology.  

 

Overall, the results demonstrate that scorpion-inspired flank biomimetic surface texturing provides an 

effective biomimetic strategy to reduce friction, wear, and thermal loading during dry machining. The 

increase in effective tool life further demonstrates the practical engineering benefit of translating 

scorpion-inspired surface architecture to cutting tool design. This approach enhances tool life and 

surface quality while promoting energy-efficient and sustainable machining without the need for 

external lubrication. 
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