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ABSTRACT

An experimental investigation of the effect of shark skin flow control structures on the aero-
dynamic characteristics of novel bio-inspired Leading-Edge Protuberanced wing section is 
presented in this paper. NACA 63(4)-021 airfoil based leading-edge protuberanced wing fea-
turing an Amplitude of 0.12c and wavelength 0.5c is utilized in this study. Short-fin Mako’s 
scale structure as outlined in the previous literature were 3D Printed and they act as the base 
geometry of the shark scale structure. Two different sets of shark scale geometries, varying 
in chord length, span, amplitude, and wavelength were chosen based on the literature. Addi-
tionally, to assess the significance of the alignment of these 3D Printed shark scale structures 
on the aerodynamic characteristics, different patterns like Staggered non-overlapped, linear 
non-overlapped, linear overlapped were considered. This study merges two biomimetic ideas 
such as leading-edge protuberances and shark scales which renders aerodynamic benefits. 
The focus of this study is to assess the influence of the shark scale structures as an effective 
flow control means for biomimetic Leading-Edge Protuberanced Wing section. Further, all 
the works related to shark scale were only carried out over conventional straight wing airfoil 
sections. The present study is the first of its kind to investigate the influence of shark scale 
structures on the aerodynamic characteristics of Leading-Edge Protuberanced wings. All the 
series of experiments were conducted at wide range of angles of attack ranging from 0°≤α≤70° 
in an increment of 5° at two different Reynolds number 32066 and 69488. Surface pressure 
measurements were obtained over the test models with the help of Miniature Pressure Scanner 
4264 Scanivalve pressure scanner pneumatically connected to the 50 pressure taps equi-dis-
tributed over the upper and the lower surface of the test model. Results reveal that the use 
of shark scale structures as a means of flow control renders aerodynamic benefit in terms 
of lift increment, drag reduction and stall delay. The modified LEP model with Shark scale 
structures exhibit 34.6% increment in lift coefficient, 29% decrement in drag coefficient and 
42.8% stall delay. The modified shark scale model fitted Leading-Edge Protuberanced wing is 
effective and outperforms conventional Leading-Edge Protuberanced wing especially at low 
Reynolds number and hence could be used as a viable solution for Micro-Aerial Vehicles and 
Nano-Aerial Vehicles operating in this regime.
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INTRODUCTION 

Airfoils invention dates back to 19th century and over 
the years it has become omnipresent. Airfoils have now 
emerged as a crucial component of several man-made 
Engineering structures like propellers, marine rudders, 
wind turbine blades, high-lift devices of airplanes, control 
surfaces of missiles etc., as illustrated in Fig. 1. Despite the 
application field, it remains common that the flow over the 
airfoil must remain attached to the surface as long as pos-
sible even at greater angles of attack for increased perfor-
mance in the airfoil. Flow separation is one of the major 
issues which plagues the aerodynamic performance of the 
airfoils|. To mitigate this risk and reduce its influence, Flow 
control techniques have emerged and several researchers 
and engineers adopted several flow control strategies over 
the years. Therefore, it becomes clear that the flow control 
technology has emerged as a promising solution to con-
quer the terrible aerodynamic performance triggered by 
the boundary layer separation on airfoil’s suction surface 
as airfoils are ubiquitous [1]. The flow separation over the 
airfoils can be controlled by three methodologies namely 
active, passive and hybrid. As we know that the when both 
the active and passive flow control techniques are incorpo-
rated together, they give rise to a hybrid flow control tech-
nique. Based on the literature, it is evident that the passive 
flow control techniques are popular as they require mini-
mum energy intervention as they don’t require any active 
energy source.In addition, because of its intrinsic simplic-
ity accompanied with economy, it is one of the most via-
ble solutions as a flow control means. Recently, researchers 
have started focusing their attention on optimizing the 
Unmanned Aerial Vehicles (UAV), Micro-Aerial Vehicles 
(MAV) and Nano-Aerial Vehicles (NAV). Micro Aerial 

Vehicles and Nano Aerial Vehicles are recently utilized as 
the First-Person View Drones in the real-world combat 
scenarios. Due to its small size and operating Reynolds 
number (Re), without an effective flow control method, the 
MAV/NAVs face aerodynamic challenges which can lead to 
unstable and unpredictable airflow. An effective flow con-
trol means like shark scale structures will help stabilize the 
airflow around the vehicle, improving overall stability and 
control thus rendering more accurate control of lift, drag 
and other aerodynamic forces. In this way, it can reduce the 
power required for the flight, thus increasing the endurance 
i.e. Extended flight time / Range translating to longer flight 
times. FPV operating in closed building will experience tur-
bulence mitigation and increased agility allowing for quick 
response to changes in the environment which is vital. As 
flow control effectively reduces the acoustics signature, it 
can also lead to quieter operation. Given the prevalence of 
airfoils in aircraft, UAVs, MAVs, and NAVs, wings, control 
surfaces etc., it is thought to be essential to predict their 
aerodynamic performance under various wind characteris-
tics to withstand and lessen the adverse consequences.

With the advancements in the technology, biomimet-
ics can be considered as an option to effectively control the 
flow over the airfoils. One such intellectual way is to have a 
look into shark’s denticular shape as a form of passive vor-
tex generator over the airfoil. Shark skin has dermal denti-
cles (scales) that impede body separation by providing local 
flow separation control, thus helping the shark to swim 
faster in water with least drag. The shark scale is replicated 
as vortex generator in the previous research of Arunvinthan 
et al. [2]. Based on the results reported by Arunvinthan et al. 
[2], the use of Shark scale-based vortex generators (SSVGs) 
has improved the coefficient of lift by 3.8%, contributing to 
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Figure 1. Few applications of airfoil [Created by authors].
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drag reduction and delays the stall by regulating the flow 
separation. It was discovered that bristled denticles on the 
shark skin act as a vortex generator which is a passive flow 
control mechanism.

Lang et al. [12] investigated the microgeometry of 
the shark scale and reported that the cavity like structure 
formed over the denticles plays a vital role in suppressing 
the wake formation. Lang et al. [12] investigated the com-
plex 3d embedded cavity model and compared its result 
with the flat base (i.e. square cavity) model and revealed 
that the shark skin structure forms a series of interlocking 
web of vorticity thus promoting drag reduction. Bechert et 
al. [13] claimed that the shark scale structures behave in a 
similar way as riblets based on the SEM analysis. Bechert 
et al. further continued his research [13] by replicating 800 
plastic scales with compliant anchoring over a flat plate 
resembling shark scales and tested whether they can be 
used as a viable alternative for vortex generators to suppress 
the flow separation. From the results, it has been identified 
that the vortices created along their axis in the streamwise 
direction by shark scales induces momentum in to the flow 
and promotes exchange of momentum thus leading to an 
increased flow velocity near the wall. Motta et al. [14], iden-
tified that the shark skin denticles are composed of tooth-
like layers of enameloid and dentine with a central pulp 
cavity, and have an expanded base that anchors individual 
denticles into the skin as shown in Fig. 2. Utilizing similar 
morphology as found by Motta et al. [14], Li Wen et al. [15] 
designed and manufactured flexible biomimetic shark skin 
models using 3D Printing. Li Wen et al. [15] focused his 
attention on the effect of shark scale pattern over the flat 
plate in water tunnel. Aiming at identifying the influence 
of the patterns on the drag characteristics, three different 
alignment patterns were utilized. Based on the research 
findings, Li Wen et al. [15] reported that the staggered–
overlapped pattern offers exceptional swimming speed 
with reduced drag at low speeds when compared against 
the other 2 alignment patterns. This clearly shows that the 

pattern of shark scale also plays an important role in deter-
mining the drag characteristics. However, to quantify that, 
Bechert et al. [13], established a numerical relation using a 
dimensionless parameter S+ to represent the effective Re 
based on the spacing between the denticle top ridges. S+ 
can be mathematically represented as shown in Eqn. (1) 
where, S is the spacing between the adjacent denticle ridges, 
ρ the fluid density, υ the kinematic viscosity and τw being 
the average shear stress.

	 	
(1)

The spacing between the adjacent denticle ridges (s) can 
be seen from the zoomed-in view of the sagittal section as 
shown in the Fig. 2. With the advent of latest digital man-
ufacturing techniques, researchers adopted the method-
ology of 3D printing shark scale structures to mimic them 
and obtain the aerodynamic benefit over airfoils. Some of 
the recent literatures like Arunvinthan et al. [2], Li wen et 
al. [15-16], Yuji Yasuda et al. [17], Wen Chien et al. [18] etc., 
has utilized 3D printed shark scales in their research. Li wen 
et al. [15-16] have mimicked the real-time shark scale and 
3D printed them to experimentally investigate the hydrody-
namic characteristics of the shark skin membrane. The shark 
scales were scaled up around 12.4 times due to the techni-
cal limitations involving degradation of shark scale denticles 
when printed at real-time shark scale dimensions are asso-
ciated with 3D printing technology. Yuji Yasuda et al. [17] 
mentions about the challenges in manufacturing due to scal-
ing and cost. Furthermore, Wen Chien et al. [18] indicated 
that the shark scale structures manufactured using 3D print-
ing lack surface hydrophobicity and could potentially create 
biological settlement. To overcome which, their report sug-
gested anti fouling coating using enzymes (which includes a 
combined chemical effect) which makes the 3D Printing a lot 
difficult when we make it in microscopic level. Despite sev-
eral researchers focusing their attention on such 3D Printed 

 

s

Figure 2. Sagittal section through the skin of a female shortfin mako shark Isurus oxyrinchus and its zoomed-in view 
[Bechert et al. [14], with permission from John Wiley].
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shark scale structures, it is worth noting that the least siz-
ing which a 3D printer can print is of no match to the actual 
real-world shark scale which is one of the primary challenges 
involved. Another challenge involved in designing and 
manufacturing the shark scale is because of its complicated 
design geometry. Domel et al. [19] morphologically investi-
gated the shark skin and identified that shark skin is covered 
with rigid bony denticles that with ridges which narrows to 
a thin neck that anchors into the skin and contribute to drag 
reduction effect and claims that the shark scales play a signif-
icant role in the lift enhancement providing high lift to drag 
ratio. Their research results revealed that the boundary layer 
formed near the shark scale helps in generating a short sep-
aration bubble which in turn creates a low-pressure region 
(i.e., suction) over the upper surface of the airfoil causing the 
flow to reattach thus improvising the lift and rendering aero-
dynamic benefits. In addition, the streamwise vortices gener-
ated by the shark scales or denticles prevent loss of lift at high 
angles of attack and increment in drag. Similarly, C. Lee et 
al. [20] numerically investigated about the rectangular shar-
klet patterned membrane under two flow conditions which 
confirmed that the sharklet pattern is favourable in flow 
re-attachment. Following which Fagla J. Mawignon et al. [21] 
investigated riblets orientation and the arrangement patterns 
to optimize the results. To characterize the alignment of the 
riblets in both the laminar and turbulent flow two patterns 

namely aligned and staggered pattern were evaluated. The 
investigation reveals that aligned and staggered arrange-
ments of the simplified shark scale structures reduce the drag 
effectively about 11.3% in laminar state and 6% in turbulent 
state. From the results, it becomes clear that the shark scale 
structure effectively alters the flow characteristics based on 
their sizing and alignment pattern. Shuai Li et al. [22] also 
investigated the drag reduction mechanism of bionic skin 
made of scale structures and reported that the bionic skin 
generates vortex structure which favours the drag reduction 
by flow re-attachment. However, to identify any influence 
of the rigidity of the scale, Dengke Chen et al. [23-25] have 
experimentally investigated the effect of bionic gradient flex-
ible fish skin on the drag characteristics and revealed that it 
also reduces the drag effectively. Furthermore, D. Chen et al. 
[23-25] carried forward the research to evaluate the effect of 
multi-scale and multi-level riblet on the drag characteristics 
by considering various fish skin like shark skin, dolphin skin, 
tuna skin etc. The multi-scale and multi-level riblet which 
was inspired from the shark skin has been fabricated and the 
results conclude that multi-scale and multi-level riblet sur-
face provides a maximum drag reduction ratio of 6.35% at 
the Reynolds number in the order of 105. Dengke Chen et al. 
[23-25] also has identified and reported intricacies like fab-
rication of shark skin due to the complex topography of the 
shark skin in their literature. Recent literatures claim that the 

Table 1. Literature review and its relation with the experimental findings

Author Experimental / 
Numerical

Description Characteristics Relation with the 
findings

Bechert et al. [13] Experiment Vortices by the shark scales infuse 
momentum in to the flow resulting 
in drag reduction. 

Hydrodynamics Drag reduction

Lang et al. [12] Experiment Shark scale structures promote 
drag reduction by suppressing the 
wake formation.

Hydrodynamics Drag reduction

Li Wen et al. [15-16] Experiment staggered-overlapped pattern offers 
high speed with reduced drag. 

Hydrodynamics Drag reduction 

Domel et al. [19] Experiment Shark scale generates separation 
bubble causing the flow to reattach, 
thus improvising the lift coefficient

Aerodynamics Lift increment

Arunvinthan et al. [2] Experiment SSVGs improved lift coefficient by 
3.8%, contributes to drag reduction 
and stall delay

Aerodynamics Lift increment, drag 
reduction and stall 
delay

Lee et al. [20] Numerical Sharklet patterns promote flow-
reattachment

Hydrodynamics Extended flow 
attachment

Mawignon et al. [21] Numerical Staggered outperforms the aligned 
pattern of riblet surface.

Hydrodynamics Drag reduction.

Shuai Li et al. [22] Numerical Delays the flow separation and 
reduces drag.

Hydrodynamics Extended flow 
attachment and Drag 
reduction.

Dengke Chen et al. [23-25] Experiment Multi-level riblets provide 
maximum drag reduction ratio

Hydrodynamics Drag reduction.
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shark-skin inspired thin film attached to the airplane exhib-
its a reduced drag and reduction in fuel consumption which 
necessitates the study to be developed further in the domain 
of space and aviation.

It The present study aims at investigating the effective-
ness of shark scale structures as an flow control method over 
airfoils by experimentally evaluating two different shark scale 
structures under three different alignment patterns for a wide 
range of angle of attack ranging from 0°≤α≤70° in an incre-
ment of 5° at two different Re = 32066 and 69488. This will 
act as a pilot study for administering shark scale structures as 
an effective flow control method for airfoils. Most of the pre-
vious literature explores the feasibility of shark scale struc-
tures as an effective means of drag reduction methodology to 
augment the hydrodynamic characteristics. Even though the 
use of shark scale in hydrodynamics has a strong foundation, 
limited number of studies were conducted in aerodynamics. 
To the extent of author(s) knowledge, the knowledge of shark 
scale structures on the aerodynamic characteristics remains 
unclear, and is yet to be explored. It is worth noting that this 
domain is less explored because of the challenges associated 
with the manufacturing (3D printing) of complicated shark-
scale geometries, fixing them over aerofoils and in obtain-
ing real-world Reynolds number scenarios. Further, all the 
works related to shark scale were only carried out over con-
ventional straight wing airfoil sections. The present study is 
the first of its kind to investigate the influence of shark scale 
structures on the aerodynamic characteristics of Leading-
Edge Protuberanced wings (inspired from the flippers of the 

Humpback whales featuring varying chord along the span). 
Additionally, the present study acts as a bridge between two 
successful biological inspirations from nature. Therefore, 
the present study will help aerodynamic designers in identi-
fying the optimum denticle pattern, size and shaping at low 
Reynolds number for the possible application over UAV/
MAV and NAV with immediate effect. Table 1 represents the 
relation between the literature and experimental findings of 
the present study.

EXPERIMENTAL METHODOLOGY

The effect of shark-scale structure and its alignment on 
the aerodynamic characteristics of NACA 63(4)-021 airfoil 
based biomimetic leading-edge Protuberanced wing was 
experimentally evaluated in this paper at Re=32066 and 
69488.

Wind tunnel: All the experimental evaluations carried 
out in this study were conducted at a low-speed subsonic 
wind tunnel facility located at SASTRA Deemed University. 
This wind tunnel encompasses a rectangular test section 
with cross section of 300x300x1500 mm. The tunnel is 
operated by a fan powered by a 10HP motor and may attain 
a maximum wind speed of around 60 m/s. The free stream 
turbulence intensity is 0.51%. A schematic representation 
of wind tunnel facility with necessary equipment set up is 
shown in Fig. 3 and the real images of Low-speed subsonic 
wind tunnel facility is shown in the Fig. 4.

Figure 3. Wind tunnel facility equipped with MPS 4264 Scanivalve pressure scanner.



J Ther Eng, Vol. 11, No. 5, pp. 1293−1311, September, 20251298

Test model: NACA 63(4)-021 airfoil model was chosen 
as the base model as it closely resembles the cross section of 
the humpback whale flipper which acts as a bio-inspiration 
for the LEP wing. Since the present study aims at investigat-
ing the effect of shark-scale surface and its alignment pat-
tern on the aerodynamic characteristics of NACA 63(4)-021 
airfoil based biomimetic leading-edge Protuberanced wing, 
the baseline model is a LEP Wing. Based on the framework 
of the previous researchers [26], it becomes clear that the 
LEP wing features a sinusoidal leading-edge profile influ-
enced by two geometrical parameters named Amplitude 
(A) and wavelength (λ). It should however be noted that 
as the present study focusses its attention on investigating 
the effect of shark scale surface and its alignment pattern 
alone, the amplitude and the wavelength of the LEP is kept 
constant throughout this paper.

Based on their experimental evaluation, it has been 
identified that the A=0.12c and λ=0.5c renders optimum 
aerodynamic benefit and outperforms the other two test 
cases. Therefore, the same A=0.12c and λ=0.5c has been 
chosen as the baseline model for this present study. The 
airfoil considered in this study is assumed to have a mean 
chord length of 100 mm and span 300 mm which signifies 
that the test model is an infinite one. The full-span model 
was then fabricated by 3d printing using polylactic acid 
(PLA) material at the resolution of 100 microns. There 
are special recommendations for distributing the surface 
pressure taps over the LEP airfoil. As the test model is a 
non-constant chord model, the surface pressure distri-
bution needs to be measured at two different locations 
namely peak (chord maxima) and the trough (chord min-
ima) which is one of the special requirements of the LEP 
wing. A total of 50 pressure tapings were made over the 

surface of the model. 20 pressure taps were equi-distrib-
uted along the peak and 16 taps over the trough region 
while the remaining taps were distributed along the span. 
The diameter of each pressure tapping is approximately 
1mm with the spacing between each pressure tapings as 
9 mm [26]. The airfoil model considered in the present 
study is the same considered in the previous study by 
Arunvinthan et al. [26]. Henceforth, the results are vali-
dated against the previous research paper [26] as shown in 
the Fig. 5 and the results reveal that the validation holds 
in good agreement with the paper with a minimum error 
of 0.68% and maximum deviation of 12%. The difference 
in the values can be owing to the increase in the num-
ber of pressure ports on the present study from 36 to 50. 
Furthermore, since the present study is the pilot study in 
incorporating 3D Printed shark scales over the LEP air-
foil, shark scale affixed structure cannot be validated. The 
dimensions of the test model and the schematics of the 
baseline LEP model and modified LEP model is repre-
sented in the Fig. 6 & 7.

Shark-Scale Surface: Based on the framework of the 
previous researchers, it has been reported that the morpho-
metric measurements of shortfin mako scales were found 
to be of height height 0.03 mm, spacing ~ 0.04 - 0.08 mm, 
chord length of 0.169-0.214 mm, span length of 0.14 – 0.244 
mm as digitized by Motta et al. [15]. 

As we know that the denticle shapes and size are highly 
dynamic and is often subjected to change based on the loca-
tion of the shark scale on the body, type of the fish etc., it 
becomes important to assess the denticles of different shapes 
and sizes. However, as the present study tries to mimic 
the short fin mako, the denticle shape becomes constant. 
Therefore, in this study, 2 shark-scale test models featuring 

Figure 3. Low-speed subsonic wind tunnel facility



J Ther Eng, Vol. 11, No. 5, pp. 1293−1311, September, 2025 1299

chord length of 10 mm, span 6 mm with leading edge ampli-
tude of 2mm (hereafter named as small shark scale) and the 
other model has a chord length of 20 mm, span 12 mm with 

leading edge amplitude of 3 mm (hereafter named as large 
shark scale) is considered. The geometric dimensions of the 
3D printed shark scales are represented in the Table 2. One 

Figure 5. Validation of LEP baseline with previous literature.

Table 2. Geometric dimensions of 3D printed shark scales

Attributes Small Shark Scale Large Shark Scale
Chord length 10 mm 20 mm
Span 6 mm 12 mm
Leading-Edge Amplitude 2 mm 3 mm

300 mm

2
5

m
m 1

0
0

m
m

1mm�
50 Pressure tappings

	

Figure 6. Dimensions of the test model.

  

Figure 7. Schematics of baseline LEP model and modified LEP model.
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could immediately note the difference in the size existing 
between the original morphometric measurements and the 
test model considered. This drastic difference in the sizing 
could possibly be explained by the limitations of the cur-
rently available 3D printers. In other words, due to the lim-
itations in 3D printing resolution, the model was scaled up 

to the above stated dimensions. Yuji Yasuda et al. [17], Wen 
Chien et al. [18] etc. confirmed this limitation of sizing in 
using 3D printing in their corresponding research papers. 
In addition to this limitation, Yoseph Bar-Cohen et al. [27] 
emphasizes that nature’s designs are optimized for specific 
environments and conditions that may not match the needs 

(a) (b) (c)

Figure 8. (a) large shark scale structure arranged in linear non-overlapped pattern (b) small shark scale structure arranged 
in linear overlapped pattern (c) small shark scale arranged in staggered non-overlapped pattern.

Figure 9. Schematics of alignment patterns for both large and shark scales.
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of human applications. However, by making modifications 
and adapting these natural designs, it is possible to achieve 
functional and efficient solutions for technological chal-
lenges. This concept is central to biomimetics, where engi-
neers and scientists take inspiration from nature’s designs 
but modify them to fit specific human needs or constraints. 
Further, Li wen et al. [15] reported that although there 
is a great variety of denticle shapes and size, its intricate 
flow mechanism greatly depends on its complex patterns 
of alignment. To assess the significance of such complex 
alignment pattern in addition to the denticle size, three 
different patterns namely Staggered non-overlapped, linear 
non-overlapped, linear overlapped were inspired from the 
previous studies. A schematic representation is shown in 
Fig. 8. In this study, shark scale structures of different sizing 
were 3D printed using PLA material at a resolution of 100 
microns per mm with ultra-marble finish. The 3D printed 
shark scale structures of different sizes were then blended 
over the leading-edge protuberanced wing with the help 
of commercially available non-residue double sided tissue 
tape having a thickness of 60µ. Schematics of alignment 
patterns for both large and shark scales are shown in Fig. 9.

Simultaneous pressure scanner: The surface pressure 
of the model is measured through the pressure taps on the 
surface which is pneumatically connected to MPS4264 
Scanivalve pressure scanner. It has a range of 10” of H20 
water column with ±0.06% Full-scale, long-term accuracy 
as per the calibration certificate provided by the original 
equipment manufacturer (OEM). The time-series data 
obtained from the Scanivalve pressure scanner were col-
lected at a sampling frequency of 700Hz corresponding to 
10000 data samples. The aerodynamic lift and drag force 
acting over the biomimetic LEP Wing with and without 
shark scale structures were then estimated using pressure 
integration technique [26, 28-31] to yield the coefficient of 
lift and coefficient of drag.

	 	 (2)

	 	 (3)

	 	 (4) 

	 	 (5)

Generally, the uncertainties in the experiments are due 
to the dispersion of the data or by the measuring equipment 
and instruments involved. Uncertainties associated with 
the wind tunnel like Buoyancy, solid blockage, wake block-
age etc. and the instrumental uncertainties are discussed as 
follows.

Buoyancy correction: It is well known fact that bound-
ary layer thickens as the flow travels downstream towards 
the exit cone thereby reduction in jet area and thus, induc-
ing static pressure variation without the presence of test 
models. This could give rise to additional drag force and 
hence a suitable correction needs to be implemented on the 
experimental data. Glauert’s method of buoyancy correc-
tion was implemented in the present study. According to 
Glauert, the total drag increment due to the buoyancy for a 
two-dimensional infinite model is: 

	 	 (6)

where λ2 is the body shape factor, t is the body thickness 
and P' is the slope of longitudinal static pressure gradient 
curve. The value for λ2 for NACA 63(4)-021 airfoil used 
in this study is 1.4 as outlined in Barlow et al. [32]. The 
drag due to buoyancy was estimated as 0.009693 for this 
paper.

Solid blockage correction: The test-section walls 
reduce the area through which air flows when compared 
to free-stream conditions. Therefore, the velocity of the 
air increases as it squeezes through the reduced area in the 
vicinity of the model. This blockage is a function of model 
thickness, model distribution and the model size. This 
paper utilizes Thom’s method of solid blockage correction 
for two dimensional tunnels:

	 	 (7)

where K1 equals 0.74 for wing spanning the tunnel breadth 
and C is test-section area. The model volume can be approx-
imated as follows: 

	 	 (8)

The model volume was estimated to be 0.441 and the 
blockage correction was estimated as 0.01208 for this paper. 

Wake blockage correction: The two-dimensional wake 
blockage correction provided by Allen and Vincentti was 
utilized in this paper. The wake blockage correction factor 
for two-dimensional case is:

	 	 (9)

where Λ is body shape factor equals 0.36 for NACA 63(4)-
021 airfoil as stated in Barlow et al. [32]. σ can be estimated 
from the formula 

	 	
(10)

and estimated as 0.0616225. The overall wake blockage 
correction was estimated to be 0.0221841 which is already 
implemented in the present manuscript.
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Instrument and Data Error: The MPS4264 miniature 
Scanivalve pressure scanner utilized in the pressure mea-
surement was precise with a full-scale error of ±0.06%, the 
correction affected only the third decimal of the uncor-
rected value. The accuracy of the pressure scanner is shown 
in the Table 3. The time-series data acquired from the 
MPS4264 Scanivalve pressure scanner shows a stationary 
data which indicates that the outliers or extreme values 
which can disproportionately affect the mean are absent. 
Also, since the process is automated using MATLAB, mis-
takes made during manual data entry, such as typographi-
cal errors capable of skewing the data is eliminated. Use of 
Scanivalve proved mettle in terms of calibration errors and 
drift in values. In short, the author(s) strongly believe that 
the data errors are kept minimum.

The drag due to Buoyancy is estimated as 0.009693 
using Glauert’s method; Solid Blockage is 0.01208 based 
on Thom’s rule; Wake blockage correction is estimated as 
0.0221841 utilizing Allen & Vincentti correction factor; 
Full-scale error of Instrument is ±0.06% based on the OEM 
Manual; Tolerance of 3D printer is ±0.1 mm. The detailed 
insights of the uncertainty measurements have been elabo-
rated in the previous study [31-32]. Dimensions of all the 
components utilized in this study has been tabulated as 
shown in Table 4.

RESULTS AND DISCUSSION 

The shark scale model affixed over the baseline LEP 
model was primarily examined to identify the influence 
of size and patterns on the aerodynamic characteristics of 
the LEP Wing at two different Re=32066 and 69488 and 
the corresponding results were presented and discussed in 
this section. The results were compared against the baseline 

LEP model to gain more insight about the effect of size and 
pattern of the shark scale structures on the biomimetic LEP 
Wing.

a) Re=32066:
The coefficient of lift for the clean baseline LEP wing 

and the modified airfoils affixed with two different shark 
scale geometries (i.e., small, and large shark scale structure) 
organized in three distinct alignment patterns operating at 
Re = 32066 is shown in Fig. 10. It can be observed from 
the figure that the unmodified model as well as modified 
model affixed with shark scale structures does not follow 
the conventional lift characteristics curve. It is speculated 
that this might be plausible due to the Reynolds number 
regime which is not conventional as well. Generally, it is 
known from the previous literatures that the clean base-
line LEP wing tends to exhibit two-step stall characteris-
tics. However, on the contrary, the clean baseline LEP wing 
did not exhibit two-step stall characteristics and follows an 
unconventional trendline of lift characteristics curve. Since 
the Re is very low, it is believed that the flow does not pos-
sess enough energy to follow the curvature prevailing at 
the nose region of the airfoil itself at α=0o. Furthermore, 
with the further increase in the angles of attack making 
it more difficult for the flow to remain attached over the 
airfoil might give an insight for this unconventional lift 
characteristics curve. Despite producing relatively lower 
lift coefficients, the modified models affixed with shark 
scales produce higher lift when compared against the base-
line LEP wing. Based on the results, it has been identified 
that the incorporation of shark scale structures on the air-
foil tends to transition the flow in to the turbulent regime 
thereby energizing the flow resulting in better flow charac-
teristics. For instance. the lift coefficient for the 3D Printed 

Table 4. Experimental dimensions table

Component Dimension(s) Component Dimension(s)
Test section Length 1500 mm Space between pressure taps 9 mm
Test section Width 300mm Angles of attack 0o-70o

Test section Height 300 mm Small scale chord length 10 mm
Maximum wind speed 60 m/s Small scale span 6 mm
Mean chord length 100 mm Small scale leading-edge amplitude 2 mm
Large scale leading-edge amplitude 3 mm Large scale chord length 20 mm
Pressure taps diameter 1 mm Large scale span 12 mm
Span length 300 mm

Table 3. Pressure scanner accuracy

Full scale ranges Accuracy Over pressure capability Operating Temperature
1 psid 0.06%FS 15x 0o -70o C
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small shark scale model with linear non-overlapped align-
ment pattern exhibits two-step stall characteristics with the 
primary stall occurring at α = 30o and secondary stall hap-
pening at α = 50o. The two step stall characteristics which is 
reported in the LEP wing prevails with the addition of the 
shark scale structure. This clearly shows that the addition of 
shark scale structures on the LEP airfoils tends to augment 
its lift characteristics at the Re considered in this study. 
Likewise, a similar trendline of CL is also seen in the small 
shark scale model with linear overlapped alignment pattern 
with primary stall occurring at α=15o and secondary stall 
happening at α=50o having a maximum CL of 0.22 at α=50o.

Aiming at identifying the influence of staggered 
pattern, the small shark scale structure with staggered 
non-overlapped alignment pattern were also experimen-
tally evaluated and the results show that the primary stall 
occurs at α=10o and the secondary stall happening at α=40o. 
Following which, to gain some more insight on the small 
shark scale structures, further analysis were carried out. 
It has been observed from the results that the presence of 
small shark scale structures over the LEP test model irre-
spective of the alignment pattern energizes the flow over 
the airfoil. This helps the modified model with shark scale 
structures exhibit delay in stall characteristics. For instance, 
it can be observed that a stall delay of 10o could be seen for 
modified small shark scale structure affixed LEP model in 
staggered non-overlapped alignment pattern than the lin-
ear overlapped alignment pattern. Based on these results, it 
can be concluded that the usage of the shark scale surface 
on the airfoil renders aerodynamic benefit in terms of stall 
delay. At the same time, it is worth noting that an abnor-
mal trendline of CL is seen for the large scale arranged in 
staggered non-overlapped pattern. This pattern produces a 
maximum lift coefficient of 1.2 at α = 15o. Beyond which 
with the further increase in the angle of attack, the lift coef-
ficient gradually decreases. The lift coefficient for large scale 

arranged in linear overlapped pattern performs poorer than 
its counterparts. It is speculated that when these large shark 
scale structures are linearly overlapped, the first set of shark 
scales are aligned with zero degree of incidence to the flow. 
However, with the subsequent overlapping, from the sec-
ond line of shark scale structures to the last line of shark 
scale structures, they experience a significant alteration in 
the incidence angle owing to overlapping. Therefore, the 
vortices induced from the first line of scale can be easily dis-
turbed and trapped by the second line of shark scale struc-
tures inclined at an angle. Studies suggests that it resembles 
the bristling angle of the shark scale with one difference 
that in a conventional fish they are non-overlapped, but 
in this case, it gets overlapped which results in the detri-
mental result. As the momentum is not fully imparted in to 
the flow and gets trapped inside the incidence angle of the 
subsequent shark scale structures the net pressure gradient 
reduces. This gives the negative lift coefficient in compar-
ison against the lift increment provided by other models. 
To further ascertain this behavior, it can be observed that, 
when the alignment pattern is changed from linear over-
lapped to staggered non overlapped, the energized flow 
arising out of shark scale structures moves over the surface 
of the airfoil without much hindrance, thus enabling bet-
ter aerodynamic performance showing peak lift coefficient. 
Based on the results, it has been decided to eliminate the 
discussions on the linear overlapped pattern in further sec-
tion because of its adverse nature.

The effect of shark scale on the drag characteristics is 
shown in the fig. 11. It is worth noting that the mean coeffi-
cient of drag plotted here represents only the pressure drag 
which is obtained from the airfoil surface pressure mea-
surement and does not involve skin friction drag. Further, 
it can be inferred from the figure that the drag coefficient 
increases gradually till stall angle. Following that, a rapid 
increase in the CD can be seen. The high turbulent mixing 

Figure 10. Coefficient of lift (CL) vs Angle of attack (α).
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in the boundary layer by large shark scale with staggered 
non-overlapped alignment pattern might be a possible 
explanation for the unusual increment in the drag  coef-
ficient. Despite the increased drag, lift by drag ratio or 
aerodynamic efficiency is high and hence, aerodynamic 
performance is not compromised for the same. The base-
line LEP wing has a very much lower drag when compared 
to the shark scale models at post-stall angles. However, at 
the pre-stall angles, it can be inferred from the Fig. 11 that 
the large shark scale models arranged in linear non-over-
lapped alignment pattern exhibits the lowest drag. Figure 12 
demonstrates the comparison of lift coefficient over base-
line and shark scale models. From Fig. 12 it is observed as 
the small shark scale structure reduces the flow acceleration 
over the airfoil in the pre-stall angles, it causes a reduction 
in the overall net pressure difference between the suction 
and the pressure side of the model thus resulting in lesser 
lift coefficient. However, at the same time, during post-stall 
angles, the same small shark scale structure enhances the 
turbulent mixing of the separated shear layers thus render-
ing the shark scale model advantageous. It can be easily seen 
from the Fig. 12 that beyond α=20o, LEP model with small 
shark scale structures exhibit higher lift coefficient in com-
parison against the baseline LEP model without shark scale 
structures. Evidently, large shark scale structures arranged 
in the staggered non-overlapped pattern exhibits a higher 
lift in comparison with other models even at greater angles 
of attack. The negative lift coefficient produced by model 
incorporating large shark scale structures arranged in lin-
early overlapped configuration can be seen clearly from the 
Fig. 12(a). This confirms the poor aerodynamic behaviour 
of the large shark scale structures arranged in linearly over-
lapped configuration as stated earlier. Figure 13 represents 
the comparison of drag coefficient over the baseline and 
shark scale models. Apparently, a higher-pressure drag is 

produced by the large shark scale structures arranged in the 
staggered non-overlapped pattern than other models which 
might be caused due to perturbation over the airfoil model. 
It can be concluded from the observations that the turbu-
lence mixing induced by the shark scale structures creates 
perturbation over the airfoil thus increasing the pressure 
drag resulting in a higher drag coefficient than its counter-
part unmodified equivalent. Experimental results revealed 
that each shark scale size and pattern have its own unique 
effects on aerodynamics of the airfoil in terms of maximum 
lift coefficient, minimum drag coefficient, stall delay char-
acteristics etc. Hence, understanding the fundamental flow 
physics is therefore seen to be essential.

b) Re=69488:
The time-averaged lift coefficient as a function of angle 

of attack (α) for small and large shark scale geometries 
aligned in three different patterns are shown in Fig. 14. It is 
evident from the graphs that there is significant difference 
in the coefficient of lift between the three patterns model 
of both small and large shark scale structures and baseline 
LEP wing. This clearly shows that with the change in the 
alignment pattern, the surface flow shifts appreciably over 
the modified LEP airfoil. It can be inferred from the figure 
that the (CL) of baseline LEP wing increases from α = 0o to 
45o with a maximum CL of 0.8650 at α=45o. Beyond which 
with the further increase in the angle of attack, stall phe-
nomenon is initiated.

Aiming at identifying the aerodynamic lift for the mod-
ified models, initially, it was observed that the trendline of 
small shark scale structure aligned in staggered non-over-
lapped pattern, the CL for 3D printed shark scale model 
increases as α increases to 40o, with (CL)max = 0.8541. 
However, the lift coefficient for the same at pre-stall angles, 
say 15o, is 33.2% higher than its unmodified counterpart. 
Secondly, the CL for small scale structure arranged in 

Figure 11. Coefficient of drag (CD) vs Angle of attack (α).
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linear non-overlapped structure exhibited a maximum CL 
of 0.8823 which stalls at 50o offering significant stall delay. 
Subsequently, the lift coefficient for small scale structure 
arranged in linear overlapped structure increases till α = 20o 

and exhibits a small dip in the lift coefficient. It regains lift 
with a maximum lift coefficient of 0.8567 at α = 45o. Upon 
examining the lift coefficient curve for large shark scale 
structure aligned in staggered non-overlapped pattern, 
the CL increases till 45o angle of attack with a maximum 
lift coefficient of 0.9425. The lift coefficient for large shark 
scale structure aligned in staggered non-overlapped pattern 
at post-stall regime, say 55o, has improved by 23.8% when 
compared to baseline LEP wing. The CL for large shark 
scale structure aligned in linear non-overlapped pattern, 
represents increment as a function of an angle of attack in 
the increasing direction of angles of attack from 0o < α < 40o 

with a maximum lift coefficient of 0.8598 at α = 40o. It is 
also observed that all the shark scale models produce nega-
tive lift at initial angles of attack. A possible explanation to 
this observation could be, at α = 0o the baseline LEP wing 
section itself have attached flow. Moreover, the incorpora-
tion of the shark scales over the LEP wing section could acts 
as an obstruction leading to accumulation of pressure over 
suction side and hence, negative lift. From the above obser-
vations, it can be reported that the staggered non-over-
lapped pattern for small shark scale structure exhibit an 
enhanced aerodynamic performance in terms of lift coef-
ficient in the pre-stall regime while staggered non-over-
lapped pattern for small shark scale structure enhances the 
performance in post-stall regime. Therefore, based on the 
results, it can be claimed that whatsoever pattern and size 
of shark scale structures, incorporation of the same plays 

(a)

(b)

Figure 12. (a) Comparison of the coefficient of lift (CL) over baseline and shark scale models (b) Comparison of the coef-
ficient of lift (CL) over baseline and shark scale models (better resolution)
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a significant role in altering flow characteristics and ren-
ders better aerodynamic performance than its unmodified 
equivalent. Fig. 15 illustrates the variation of drag coefficient 
with angle of attack for all the test models. It can be noted 
from the figure that the CD increases with the increase in 
angle of attack. Aiming at identifying the aerodynamic drag 
coefficient trendline for different arrangement of shark 
scale models, the drag coefficient for the large shark scale 
structures aligned in staggered non-overlapped pattern is 
lesser in the pre-stall angles than the baseline LEP wing. 
The modified airfoil with large shark scale structure stag-
gered maintains a thinner, more energized boundary layer, 
keeping the flow attached over a greater portion of the sur-
face. It is speculated that the staggered pattern infuses more 
momentum in to the flow thereby resulting in a smoother 
pressure distribution and reduced wake size, leading to a 

lower overall drag coefficient at pre-stalling angles. While, 
the CD trendline for large shark scale structure arranged 
in linear non-overlapped pattern was similar to the trend-
line of baseline LEP wing. But, drag coefficient is lesser at 
pre-stalling angles in comparison with the baseline model. It 
can be inferred as the difference in the net pressure between 
leading-edge and trailing edge is less at pre-stall angles in 
the model integrated with shark scale structure arranged in 
linear non-overlapped configuration. The drag coefficient 
for small shark scale arranged in linear overlapped pattern 
is slightly higher when compared to baseline LEP wing. The 
higher drag might be associated with the trapping induced 
by the incidence angle of the overlapping shark scale struc-
ture which enhances the turbulence that eventually leads to 
increased drag. Overall, it is believed that the disturbance 
induced by the intensity of vortices generated from the 

Figure 13. Coefficient of lift (CL) vs Angle of attack (α).

Figure 14. Coefficient of drag (CD) vs Angle of attack (α).
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shark scale structures might be the reason for the increase 
in overall drag coefficient.

Figure 16 & 17 depicts the coefficient of pressure (CP) 
vs. chordwise position (x/C) for peak and trough section of 
all the test models at 15o angle of attack. It is evident that 
pressure distribution of the clean baseline LEP wing exhib-
its less negative pressure on the upper or suction surface of 
peak region till 40% of the chordwise location. This indi-
cates the attached flow over the first 40% of the chordwise 
location and eventually the flow gets separated over the 
remaining chordwise location. On the other hand, the pres-
sure distribution for other models except large shark scale 
aligned in staggered non-overlapped pattern exhibit a neg-
ative suction pressure in the vicinity of leading-edge which 
can be inferred from the Fig. 16. On investigating the large 
shark scale aligned in staggered non-overlapped pattern, the 

suction pressure decreases till 54% of the chordwise loca-
tion indicating more attached flow over the peak section. 
Thus, it can be understood that the flow over the modified 
model incorporating large shark scales aligned in staggered 
non-overlapped pattern is accelerated effectively indicating 
delayed flow separation. It is worth noting that the pressure 
difference between the upper and lower surface of the mod-
ified test cases is higher than the baseline LEP wing repre-
senting higher lift coefficient. This can be confirmed from 
the Fig.14 and can be plausibly explained as the shark scales 
infuses energy into the boundary layer to the effectively 
accelerate flow at α = 15o in the peak section of the model. 
Further investigating the pressure distribution graph, it can 
be observed from the Fig. 16 that a low negative suction 
pressure is seen in the leading-edge region varying from 
-0.2 to -0.4 for all the models except for large shark scale 

Figure 16. Pressure coefficient vs x/c at Re = 69488 at α = 15o (trough region).

Figure 15. Pressure coefficient vs x/c at Re = 69488 at α = 15o (peak region).
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model aligned in staggered non-overlapped pattern. In 
the case of large shark scale model arranged in staggered 
non-overlapped pattern, negative suction pressure is maxi-
mum than all the other test cases and present over the first 
40%-50% of the chordwise location. It is observed that pres-
sure varies linearly but fails to reach ambient pressure at the 
trailing edge vicinity. The pressure difference between the 
rear and front of the airfoil increases along the chordwise 
distance when flow over the airfoil separates, resulting in 
increasing in pressure drag. On examining Fig.17, it is iden-
tified that the pressure distribution in the trough section 
for the modified large shark scale model aligned in stag-
gered non-overlapped pattern has a higher suction pressure 
which indicates the flow is accelerated over the trough sec-
tion of the airfoil. From these observations, it becomes clear 
that the modified shark scale models effectively delay the 
flow separation in addition with increased lift.

Figure 17 represents the aerodynamic efficiency as 
a function of angle of attack. From the figure, it becomes 
clear that the efficiency of the modified model affixed with 
shark scale structure is relatively higher than the unmod-
ified equivalent especially in the pre-stall regime. Though 
the modified models enhance the performance, linearly 
overlapped pattern of large shark scale structure outper-
forms the conventional LEP baseline model by injecting 
momentum from the free-stream into the boundary layer 

effectively which improves the aerodynamic efficiency. 
Moreover, the large shark-scale structure arranged in stag-
gered non-overlapped pattern renders even more high per-
formance than the linearly overlapped shark scale pattern. 
The linear overlapped pattern tends to behave like a riblet 
inducing momentum in to the flow along the line, whereas 
in the case of the staggered non-overlapped pattern, the 
vortices induced from the first line of shark scale gets more 
infusion of momentum due to the formation of the tur-
bulent boundary layer. The small shark-scale structures 
also exhibit better performance than the baseline model. 
However, the amount of momentum induced by such 
small-scale structures are not sufficient enough to alter the 
flow characteristics favourably resulting in lesser perfor-
mance characteristics than the large shark scale structures. 
Therefore, based on the results, it can be concluded that the 
staggered pattern of the large shark-scale structures offers 
more aerodynamic benefits and delay the flow separation 
more effectively. The summary of the comparison of results 
are tabulated in the Table 5.

CONCLUSION 

A series of wind tunnel test were performed to investi-
gate the effect of two different sized shark scale arranged in 
three different configurations over the test airfoil at multiple 

Table 5. Comparison of Results

Label Parameter Baseline Modified Benefits
s.s-stag Lift Coefficient 0.49 0.66 34.6% increment in the CL

l.s-stag Drag Coefficient 0.31 0.22 29% decrement in the CD

s.s-ln Stall 35o 50o Stall delay by 42.8%

Figure 17. Aerodynamic efficiency (L/D) Vs angle of attack (α).
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Reynolds number. Based on the experimental evaluation the 
following conclusions were made as follows: 
•	 Knowledge on the effect of shark scale flow control 

structures over the aerodynamic characteristics of a 
biologically inspired leading-edge protuberanced test 
model were highlighted and presented.

•	 Modified airfoil models fitted with shark scale struc-
tures performs significantly better than its unmodified 
equivalent by suitably altering the flow behavior over 
the airfoil. 

•	 In terms of lift coefficient at pre-stall angles, the mod-
ified airfoil model exhibits better performance charac-
teristics. Out of different shark scale patterns and two 
different Reynolds number tested it has been identified 
that the staggered non-overlapped pattern exhibits a 
peak lift increment of about 33.2% at α = 15o, when com-
pared against the baseline Leading-Edge Protuberanced 
model.

•	 At post-stall angles, the shark scale structures featuring 
staggered non-overlapped pattern exhibits an enhanced 
aerodynamic lift performance with the maximum 
increment of 23.8% than the baseline model.

•	 At low Reynolds number conditions, the modified air-
foil models outperform the conventional Leading-Edge 
Protuberanced model, making it as a better choice for 
applications, such as micro- and nano-aerial vehicles, 
shark scales are preferred.

•	 Incorporation of linearly non-overlapped pattern of 
small shark scale structured airfoil eliminates the two 
step stall characteristics behaviour present in the con-
ventional Leading-Edge Protuberanced models and 
offers the aerodynamic benefit in terms of stall delay by 
stalling at α=50o.

•	 If drag reduction is of primary concern, then large-scale 
staggered shark scale structured airfoil can be employed 
for a peak drag reduction of about 28.7% in pre-stall 
angles at α=20o. 

•	 Results reveal that the baseline Leading-Edge 
Protuberanced airfoils performs apparently poorer at 
the low-Reynolds number tested in this experiment. 
Moreover, with the addition of the shark scale struc-
tures it renders the aerodynamic benefit. Comparing 
the overall results, it has been observed that the large-
scale staggered shark scale structure exhibits a peak 
65.31% of aerodynamic efficiency increment than the 
baseline Leading-Edge Protuberanced model.
The experimental results proved that different pattern 

and sizes have unique features in altering the aerodynamics 
of flow. Since, the modified shark scale model is effective 
at low Reynolds number and at low angle of attack, it can 
be applied to Lighter Than Air technologies like airships 
where drastic change in angles of attack will not be very 
frequently utilized, Micro-Aerial Vehicles and Nano-Aerial 
Vehicles which fly at low Reynolds numbers. Since the 3D 
Printed shark scale geometries were pasted on the Leading-
Edge Protuberanced wing section, the wind tunnel testing 

at high Reynolds number were carefully ignored to avoid 
dislodging of such 3D Printed structures which could be 
resolved in the future study with some other means. It is 
worth noting that the shark scale structures can be 3D 
printed directly on the wing model itself to avoid dislodging 
at higher Reynolds numbers, but at the price of more cost 
per model. Bristling angle and different patterns and sizes at 
higher Reynolds number testing along with the attempts to 
decode the underlying flow physics will be made in the near 
future to potentially utilize this technology in real-time.

NOMENCLATURE 

LEP	 Leading-edge protuberance
GAMBIT	 Geometry And Meshing Built-In Tool
MAV	 Micro-Aerial Vehicle
NAV	 Nano-Aerial Vehicle
UAV	 Unmanned-Aerial Vehicle
VG	 Vortex Generator
SSVG	 Shark Scale Vortex Generator
SEM	 Scanning Electron Microscopy
λ	 Wavelength
A	 Amplitude
C	 Chord length
PLA	 Polylactic acid
FD	 Drag force
FL	 Lift force
∆P	 Net Pressure
S+	 Effective Re based on shark scale spacing
Si	 Area
α	 Angle of attack
θ	 Angle of incidence on the ith port
CD	 Coefficient of drag
CL	 Coefficient of lift
CP	 Coefficient of pressure
X/C	 Chordwise location
Re	 Reynolds Number
s.s-stag	 Small shark scale - staggered non-overlapped 

pattern
s.s-ln	 Small shark scale - linear non-overlapped pattern
s.s-lo	 Small shark scale - linearly overlapped pattern
l.s-stag	 Large shark scale - staggered non-overlapped 

pattern
l.s-ln	 Large shark scale - linear non-overlapped pattern
l.s-lo	 Large shark scale - linearly overlapped pattern
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APPENDIX

The shark scales and baseline models were 3D printed using Neptune 4 Plus FDM 3D printer with the tolerance of 
±0.1 mm. The primary design of base model and shark scale models were made using gambit which was exported as .iges 
file. The same has been converted to .stl file and analysed the models in Klipper software which was provided along with 
the OEM of 3D printer to test for the wall thickness parameter and location of pressure taps etc. The feasibility check was 
then run through the klipper software. Following which, the models were then 3D printed using Neptune 4 Plus FDM 3D 
printer using PLA Material. The 3D printed models were then post-processed using a series of abrasive sheets to obtain 
ultra-marble finish. Later, the specimens were blown with a compressed air to remove any mechanical burrs etc before 
testing. 

Design Analysis Feedback Preparation

PrintPost processingTesting
Basic flow chart depicting the 3D printing process
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