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A B S T R A C T

Surface texturing is crucial in various fields including electronics, energy, optics, and biology. Inspired by 
sharkskin microstructures, riblet surfaces have been extensively studied for their drag-reducing properties, 
particularly in aeronautical applications. Existing solutions for surface texturing based on shaped polymeric foils, 
however, often face wear issues and require frequent maintenance. To overcome these challenges, through-mask 
electrochemical micromachining (TMEMM) offers a promising approach. This study investigates TMEMM's 
applicability for mimicking sharkskin riblets on aluminum alloys, focusing on AA2024-T3. Ink-jet technology is 
introduced for mask deposition, enabling precise coverage and reducing waste. The masked samples undergo 
anodic polarization, with continuous and pulsed currents compared. The etching electrolyte composition is 
discussed and the addition of complexing agents is evaluated. Experimental results shed light on optimizing 
TMEMM parameters for fabricating complex structures on AA2024-T3, offering insights for riblets-base drag 
reduction in aeronautical applications. The crucial aspect for shaping the pointed geometry of the riblets lies in 
effectively combining etching parameters to ensure balanced removal rates across both depth and lateral 
directions.

1. Introduction

1.1. Sharkskin bio-mimic for fluids drag reduction

Surface texturing plays a pivotal role in various advanced domains 
including electronics, energy, optics, information technology, tribology, 
biology, and biomimetics [1,2]. Notably, research inspired by the 
sharkskin (Fig. 1a), particularly the micro-scaled dermal denticles or 
riblets found on the skin of the mako shark, has significantly contributed 
to fluid dynamics studies [3,4]. Riblets textured surfaces, comprising 
grooves aligned with the flow direction, have been extensively investi
gated for their ability to prevent vortex formation or divert them away 
from the surface [5,6], thereby reducing fluid drag, especially in aero
nautical applications starting from the initial study by Walsh et al. in 
1979 [7]. Reducing energy consumption, enhancing cost-effectiveness, 
and improving environmental efficiency are all direct and desirable 
outcomes of successful flow control. In their simplest configuration, 
riblets are small, two-dimensional protrusions aligned with the flow 
direction, creating anisotropic wall roughness. In essence, riblets are 

effective because their particular geometry restricts spanwise near-wall 
flow more than the streamwise flow. A schematic of the riblet geometry, 
with a triangular cross-sectional shape, is shown in Fig. 2. Experiments 
by Bechert et al. [8], along with theoretical and numerical studies by 
Luchini et al. [9], have elucidated the drag reduction mechanism. This 
mechanism can be interpreted as an apparent shift in the velocity profile 
within the turbulent region of the boundary layer. It has been demon
strated that when the spanwise peak-to-peak spacing between riblet 
crests is sufficiently small (i.e., in the so-called viscous regime), the drag 
reduction rate is linearly dependent on a quantity called the protrusion 
height difference, Δhp. This is defined as the difference between the 
longitudinal protrusion height and the transverse protrusion height, 
which correspond to the virtual origins of the longitudinal and trans
verse velocity profiles, respectively (Fig. 1b).

Although each protrusion height is measured from an arbitrarily 
defined reference point (such as the riblet tip), their difference is inde
pendent of the chosen reference, making Δhp a well-defined and non- 
arbitrary quantity. When Δhp is positive, the spanwise flow induced 
by the overlying turbulent streamwise vortices is impeded more than the 
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longitudinal flow. This results in a weakening of the turbulence- 
regeneration cycle near the wall, reduced turbulent activity, and ulti
mately a reduction in turbulent drag.

After riblets were proven effective, researchers focused on finding 
the optimal shape to enhance their performance. It has been determined 
that while the specific shape of the riblets' cross-section is not crucial, 
their dimensions are. The effectiveness of riblets is influenced more by 
their size than by their exact shape. Studies have shown that adjusting 
the spanwise width of the riblets can affect drag reduction, and there is a 
preferred range for this width that maximizes performance [10].

On the other hand, the sharpness of riblet tips is crucial for their 
drag-reduction performance. Rounded or worn tips significantly reduce 
their effectiveness. This is a major concern, especially in aeronautical 
applications where the riblets are very small and subject to wear from 
dust and debris during operations.

Besides the means of aerial transport field, these biomimetic surfaces 
also found applications in wind turbine components and marine vessels 
[11,12]. In applications that involve water as a working fluid, the issues 
related to bio-fouling are of paramount importance [13,14] as they limit 
the applicability of the riblet surfaces in this environment.

1.2. Texturing technology

To date, existing texturing solutions in the aeronautical field, such as 
polymeric adhesives with riblet structures or components produced 
through additive manufacturing [16], often show limited durability, as 
they suffer from severe mechanical wear, implying frequent mainte
nance and making them economically poorly competitive [3,17]. To 
address these challenges, alternative approaches for surface texturing 
could be explored. Previous studies have demonstrated the creation of 
microstructures such as micro-pillars and grooves directly on metal 
surfaces through techniques like laser ablation [18] and wire-cutting 
machining combined with chemical etching [19] to obtain super
hydrophobic surfaces, and electroplating for electronics cooling [20]. 
However, these methods may introduce surface imperfections or require 
precise and costly equipment. For example, laser machining causes the 
creation of casting layers, spatter, and micro-cracking in the vicinity of 
treated regions. This adversely affects the initial surface smoothness, 
requiring subsequent processing steps [21].

In this context, through-mask electrochemical micromachining 
(TMEMM) emerges as a promising low-damage and residual stress-free 
machining method capable of producing complex microstructures on 
metal substrates [22]. The process involves the use of a metal substrate 
as the anode in an electrochemical cell, causing it to dissolve in a 
controlled manner. By covering the substrate with an insulating mask, 
localized and selective material removal is induced. In this way, it is 
possible to produce different 3D textures on the surface depending on 
the masking pattern shielding it. However, existing techniques have 
primarily focused on producing grooves rather than micro-riblets 
[23,24], and the application of TMEMM on aluminum alloys, particu
larly the irksome AA2024, remains unexplored. This study aims to 
address this gap by employing TMEMM to mimic micro-riblets scales of 
the mako shark skin on aluminum for aeronautical application to 
improve its fluid-dynamic features by surface texturing.

This could be accomplished first by depositing a pattern of parallel 
lines of insulating material, typically polymer-based, onto the metal 
substrate. The most common method to achieve this step is photoli
thography. However, this study introduces ink-jet technology, which 
allows for direct deposition only in the areas that need to be covered, 
thus avoiding both the “resist stripping” phase and the waste of photo
resist. Subsequently, the masked sample undergoes anodic polarization, 
typically controlled galvanostatically, where the current level is set 
based on the desired removal rate or final etching depth. Previous 
studies suggest that pulsed current mode may enhance surface finish and 
discourage the deposition of corrosive products on the etched surface 
[25,26]. Furthermore, galvanic regulation must be considered in rela
tion to other components of the electrochemical cell used, particularly 
the electrolyte in which the sample is immersed and the spatial 
arrangement of the counter electrode. Indeed, the solution can serve as a 
simple conductive electrolyte, but it can also be modified by adding 
complexing agents to improve the removal of cations produced by the 
anodic reactions or, alternatively, exploit additional etching effects by 
introducing acids or bases in the case of an amphiphilic material like 
aluminum. Furthermore, the resistance of the polymeric mask in the 
electrolyte and its adhesion for a treatment time suitable for the planned 
etching degree must be taken into account. In the case of aluminum 
alloys with significant concentrations of alloying elements, as in the case 
of copper in AA2024-T3, the choice of the electrolyte can be complex. 

Fig. 1. Scanning electron micrographs of the typical riblet structure of shark skin. Adapted from [15] (a) and Sketch of the two protrusion heights (arbitrarily defined 
from the riblets tip) and the origin-independent protrusion heights difference Δhp = Δ‖ − Δ⊥ (b).

Fig. 2. Example of potential surface texturing concept on an aerial vehicle.
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This complexity arises from the need to consider the various corrosion 
products that will form, as well as potential localized corrosive attacks in 
microstructural heterogeneities at the metal surface, typically resulting 
in pitting corrosion [27]. AA2024-T3, renowned for its strength and 
fatigue resistance, is extensively utilized in aeronautical applications 
[28,29]. However, despite its excellent mechanical properties, it ex
hibits lower corrosion resistance compared to pure metal [30,31] and 
this feature could alter also the etching stage of texture production.

1.3. Aim of the work

In this context, this study investigated the influence of different 
processing parameters, including the ink-jet-based mask deposition and 
metal electrochemical etching, on the riblet-textured surface profile. A 
real-scale geometry derived from a fluid dynamics study specific to low- 
speed conditions was considered. The key technological parameters 
were discussed and optimized including ink-jet strategies for mask 
production, etching solutions, treatment time, and the features of 
applied anodic current. The experimental results provided insights into 
TMEMM for fabricating complex structures on AA2024-T3 for structural 
engineering applications. Ultimately, this research aimed to provide a 
valuable technological tool for tailored texturing of aluminum alloys, 
enhancing their performance in aeronautical and related industries. The 
obtained texture was systematically studied through cross-sectional 
observation using a scanning electron microscope (SEM), followed by 
an analysis of the geometric parameters obtained. These data were 
correlated with the production parameters.

2. Materials and methods

2.1. Profile definition

In this study, the applicability of TMEMM technology in replicating 
the textured structure of mako shark skin is evaluated. An ideal geom
etry profile is considered to provide an effective drag reduction for the 
fluid dynamic conditions typical of a low-speed aircraft, such as an 
unmanned aerial vehicle (UAV), or an aircraft during takeoff and 
landing phases. This application requires surface texturing composed of 
a pattern of riblets organized in straight lines of specified pitch (s) and 
height (h) depicted in Fig. 2, depending on the position of the vehicle 
and on the flow field around the body [32,33]. Since the optimal local 
profile varies for each spot on the aircraft, for this study some plausible 
parameters reported in a related study on a fixed-wing drone have been 
considered [32]. The optimal riblets spacing can be defined as dimen
sionless with viscous unit as: 

s+ = s⋅uT/ν (1) 

which can be used to express the physical riblet spacing s in terms of the 
fluid viscosity ν, which is in general easily known for applications, and 
the friction velocity uT =

̅̅̅̅̅̅̅̅̅̅
Tw⋅ρ

√
; Tw and ρ represent the friction at the 

solid wall and the fluid's density respectively. Garcia-Mayoral et al. [34] 
identified the optimal drag breakdown performances for the parameter 
s+equal to 15. Moreover, taking as reference some characteristic quan
tities, taken from the work by Cacciatori et al. [32] and valid for a 
specific fixed-wing drone such as wing chord at root L = 0.3 m, cruise 
speed U = 25 m/s, air density at sea level ρ = 1.225 Kg/m3, air dynamic 
viscosity at sea level ν = 1.8 × 10− 5 Pa ・ s, it has been obtained a global 
Reynolds number Re = ρ L U/μ ≈ 5 ⋅ 105. At this point, by means of the 
theory of the laminar Blasius boundary layer over a flat plate, the 
parameter Tw can be estimated and accordingly also the optimum 
spacing s. The authors identified for such conditions, the optimal peak- 
to-peak riblets spacing stood around 200 μm in most areas of the drone 
except for the trailing edge of the wing and the aft part of the fuselage, 
and so taking this value constant would yield drag reduction very close 
to the maximum achievable. Similarly, in the considered case, the 

computed riblet height is predominantly around 100 μm [32]. The re
ported data refers to a standard V-groove profile shape, which could 
likely vary to a semi-elliptical one when dealing with electrochemical- 
based production. However, the current knowledge is that the detailed 
shape of the cross-section is not crucial, but its dimensions are [6]. 
Considering these facts, in this study these geometric parameters have 
been used as target values that can vary significantly depending on fluid 
dynamic assumptions and aircraft geometry. However, despite the di
mensions being only indicative references and the riblet profile shape 
seemingly not significantly affecting performance, the sharpness of their 
tip is crucial. This constraint poses challenges for riblet production 
parameter optimization and maintenance scheduling, both fundamental 
aspects in aeronautical applications.

2.2. Texture production by TMEMM

The AA2024-T3 Al-Cu-Mg alloy (Cu 3.8–4.9 wt%, Mg 1.2–1.8 wt%, 
Si max. 0.5 wt%, Fe max. 0.5 wt%, Zn max. 0.25 wt%, Mn 0.3–0.9 wt%, 
Al Bal.) [35], widely used in aeronautical applications, is selected for 
this project due to its real-world applicability and the challenges it poses 
in ensuring durability against atmospheric agents, particularly from the 
corrosion behavior standpoint [36]. The texture on the metallic surface 
is achieved through a two-step treatment process. The deposition of a 
masking layer of dielectric material using ink-jet technology is followed 
by an electrochemical etching, carried out by applying an anodic current 
to the unmasked surface aluminum area [22,26].

The metal sheets are cleaned through sonication in acetone before 
mask printing for 10 min. Any pickling pre-treatment is discarded as it 
was found to increase substrate wettability, complicating the precise 
control of ink deposition and the splatting diameter of the ink droplets. A 
CERADROP F-Series (MGI group) ink-jet printer equipped with UV- 
curing acrylic-based dielectric ink is used. A pattern of parallel 
straight lines with a width of 120 μm and a pitch of 200 μm is achieved 
using a Samba Cartridge (Fujifilm Dimatix) based on Si-MEMS, which 
provides a native drop volume of 2.4 pL which displays a wet diameter 
on the AA2024-T3 surface of 80 μm. A filling strategy based on a 50 % 
overlap of individual ink droplets is chosen along with a UV curing 
protocol after each printing layer. Initially, masks composed of 10 layers 
of dielectric material were considered, and later the mask thickness 
doubled.

The samples onto which the mask is deposited undergo electro
chemical etching in a two-electrode electrochemical cell (schematized in 
Fig. 3), wherein the sample served as the working electrode and a tita
nium mesh acted as the counter electrode. The electrodes are planar and 
parallelly placed with a constant relative distance of 2 cm. Both elec
trodes are immersed in a 1.17 M sodium nitrate solution (pH 5.7) 
magnetically stirred. Using a Delta Elektronika SM1500 series power 

Fig. 3. Through-mask electrochemical micromachining setup scheme.
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supply, tests at various intensities of continuous anodic current are 
conducted (from 1 to 3 A/cm2), varying treatment times. Moreover, a 2 
A/cm2 pulsed current (on/off) characterized by a frequency of 250 Hz is 
applied to a parallel collection of samples changing its duty cycle (d.c.%) 
from 50 % to 25 %. The addition of a complexing agent such as Ethyl
enediaminetetraacetic acid (EDTA) at a concentration of 0.1 M, 0.5 M of 
glycine, and 0.1 M of ammonia is evaluated to limit chemical com
pounds deposition on the sample surface during treatment [37,38]. The 
experimental variables are listed in Table 1.

The main variables present in both phases are evaluated, such as the 
orientation of the mask with respect to the rolling direction of the sub
strate metal, the intensity of the applied anodic current, and the etching 
time. The profiles obtained under various combinations of parameters 
are observed in cross-section via SEM (Jeol-Japan JSM-IT300), and the 
geometric parameters are discussed in relation to the optimal profile 
derived from the fluid-dynamic consideration. Fig. 4 defines the 
geometrical parameters considered during etching evolution. The 
etching depth is described by the parameter h, the peak-to-peak distance 
of riblets pitch by s, the elliptical etched cavity by major diagonal by 
letter w, and the width of the riblet flat-head by T. Notice that when T → 
0, the profile turns into a cusp like profile resembling shark skin scale 
[39].

3. Results

3.1. Direct current etching

Initially, the morphology of the mask pattern obtained from dielec
tric ink printing was studied. The simplest case of a pattern of lines 
characterized by a width of 120 μm and pitch of 200 μm was considered. 
Fig. 5 is a top view of the lines obtained by printing the mask perpen
dicular and parallel, respectively, to the rolling direction, identifiable by 
the striations on the metal surface. In the case where the lines are 
aligned parallel to the rolling direction (Fig. 5b), the distribution in the 
organic material results in more homogeneous and dimensionally 
reproducible compared to the case in which the lines are printed nor
mally (Fig. 5a). This would translate into a better quality in the geom
etry of the riblets obtained after etching. In Fig. 6, it is appreciated at 
various magnifications how discontinuities in the masking layer produce 
a non-uniform etched profile shifting longitudinally along the sample 
(Fig. 6a and Fig. 6c). Based on these results, it was decided to proceed 
with the study of samples with printed ink lines parallel to the rolling 
direction. No significant inhomogeneities in etching due to the distri
bution of intermetallics are observed. The printing and anodizing pa
rameters have a predominant influence over the local contribution of 
intermetallic particles. The electrochemical and microstructural 
behavior resulting from micromachining will be addressed in a separate 
publication, as this study focuses on achieving texturing from a profi
lometric perspective. Regarding the choice of line width, beyond 120 
μm, a frequent smudging effect is observed during printing, resulting in 
areas where the pattern becomes indistinguishable. The need to have 
enough large (in width) mask lines aligns with the need to achieve, after 
the subsequent etching, grooves having a depth comparable to the dis
tance between the peaks of the riblets. Such a result is unattainable with 
narrow lines, which tend to detach prematurely during the initial stages 
of anodic polarization of the sample.

The parameters involved in the electrochemical etching phase were 

Table 1 
Experimental parameters evaluated during the TMEMM process.

TMEMM electrolyte Direct current 
supply (A/cm2)

Pulsed current 
supply (A/cm2)

Pulsed duty 
cycle (%)

1.17 M NaNO3 1, 1.5, 2, 2.5, 3 2 25, 50
1.17 M NaNO3 + 0.1 

M EDTA
2 – –

1.17 M NaNO3 + 0.5 
M Glycine

2 – –

1.17 M NaNO3 + 0.1 
M Ammonia

2 – –

Fig. 4. Schematic depiction of the defining geometrical dimensions during through-mask etching of a metal substrate: riblets pitch (s), maximum etch depth (h), 
riblets head width (T), elliptical etch cavity major diagonal (w).

Fig. 5. SEM-SED top view of the ink-jet printed mask on aluminum AA2024-T3 surface. The image shows the acrylic-based lines after UV-curing in two pattern 
configurations: (a) orthogonal and (b) aligned to the rolling direction.
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initially studied using masks composed of 10 layers of cross-linked 
acrylic ink (Fig. 7). These surfaces were treated in galvanostatic mode 
with currents of intensities 1, 1.5, 2, 2.5, and 3 A/cm2. For each current 
level, several treatment times were compared in such a way as to keep 
the same 5 values of current density applied per etching time constant 
for each current. Following this concept, the results are presented in 
function of the product between current density and etching time, 
namely “etching degree”. The profiles of the riblets obtained are shown 
in Fig. 8. Given the ideal profile from a fluid dynamics perspective, as 
sharp as possible, it is noted that similar shapes are achievable regard
less of the value of the anodic current. Except for the extreme cases of 1 
A/cm2, which seem to be too mild, in the other cases (1.5, 2, 2.5, and 3 
A/cm2), the best profile is obtained after 240, 180, 144, and 120 s, 
respectively, parameters that correspond at a common etching degree of 
360 A⋅s/cm2. At longer treatment times, over-etching occurs, leading to 
a decrease in riblet height. In the four mentioned cases, the depth of the 

groove, or alternatively the height of the riblets h, ranges between 50 
and 70 μm (Fig. 9a), a value that at this point does not meet the optimal 
target for the considered case of study, but could be anyway a possible 
optimum profile considering a diverse application spot on low-speed 
aerial vehicle or the velocity of a more general aircraft [32].

Regarding the etching penetration rates in the vertical direction, it 
remains constant until the cusp-shape point (condition when T tends to 
zero) is reached. Furthermore, it is dependent on the applied anodic 
current density, following the second-order polynomial fitting curve 
shown in Fig. 9b. Beyond a specific intensity, the oxidation reactions 
occurring on the surface of the aluminum alloy reach a kinetically 
limiting state, achieving a maximum penetration rate of 0.32 μm/s. This 
rate is significantly higher (by 2 orders of magnitude) compared, for 
instance, to chemical etching on the same AA2024-T3 alloy [40], and 
one order of magnitude increased with respect to similar TMEMM on 
pure aluminum [25,26].

Fig. 6. SEM-BED top view of two different etched surfaces after the same treatment route. The comparison of the outcomes starting from similar masking patterns (s 
= 200 μm) printed (a, c) orthogonally and (b, d) parallelly to the aluminum plates rolling direction is displayed.

Fig. 7. Scheme of the multiple layers ink-mask deposition on an AA2024-T3 panel (a), and the SEM-BED top-view of the obtained masking pattern of pitch 200 μm 
and line-width of 120 μm (b).
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Fig. 8. Etching optimization study on a printed lines-pattern of pitch s = 200 μm.

Fig. 9. Etching depth (h) evolution at increasing the product of the etching time-on and the current intensity, namely “Etching Degree” (A⋅s/cm2) (a), and the 
dependence of the vertical etching rate on the applied anodic current density (b). Profiles obtained applying continuous current in 1.17 M NaNO3.

Fig. 10. Etched profiles comparison of two different ink-jet printed masks (same pattern pitch s = 200 μm) where the bottom one has the double number of printed 
layers overlaid. The delay effect in obtaining the optimum sharp peak shape increasing the thickness of the shielding mask is displayed. Profiles obtained applying 
continuous current in 1.17 M NaNO3.
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At this point, to overcome the limit encountered in obtaining deeper 
grooves, several strategies have been tested to check the working range 
of the applied TMEMM technology. Firstly, a test with a mask composed 
of twice the number of layers compared to the case studied in Fig. 8
(from 10 to 20 layers) was conducted. Increasing the thickness of the 
masking layer delays the achievement of the optimal sharp profile 
(Fig. 10) concurrently to a slower lateral consumption w (Fig. 11b). The 
thicker mask seems to provide enhanced protection in terms of mask- 
detaching delay and metal-polymer interface protection, likely due to 
the more compact layer deposited. Despite this being the desired effect 
of applying such a strategy, it did not translate into significantly deeper 
etching grooves for longer treatment times. However, by this approach 
riblets 75 μm high have been produced, despite a frequent loss of 
sharpness in the tip profile as represented by the higher T value (riblet 
top head width) during the entire etching, as visible in Fig. 11a. The 
resulting riblet shape is captured in Fig. 12, where the presence of re
sidual oxidation products on the surface profile after treatment is also 
displayed, which can be easily removed by ultrasonic cleaning proced
ure. No undesired etching effects were observed as long as the mask 
remained well-adhered to the aluminum surface. The only under- 
etching phenomenon detected was the undercut, which was not a 
drawback but rather an effect intentionally leveraged and controlled to 

achieve the optimal surface profile. This controlled undercutting proved 
to be fundamental in shaping the desired texture.

This result states that a technological restriction is present in these 
experimental conditions. Despite it deviates from the example of 
optimal value reported in Section 2.1 by about 25 %, this profile still 
provides a drag reduction effect compared to the flat surface and indeed 
could be the optimum profile in another location of the vehicle [6]. 
However, from the TMEMM technology point of view, this is a limita
tion, which is presumed to be the result of multiple effects, among which 
the main ones may include a shielding effect caused by deposits of 
corrosion products in the area where selective forced corrosion would 
occur (mainly copper, aluminum, and magnesium oxides), and a typical 
tip effect, namely the concentration of the electric field at the apex of the 
riblets, resulting in accelerated etching in these areas.

The case of the polymeric mask with a double number of ink layers 
(20 layers) has been explored to assess the technological boundaries of 
this production procedure, particularly in terms of etching depth, or in 
other words, the height of the riblets obtained. However, this results in a 
deterioration in the regularity of the profile and in greater difficulty in 
obtaining a sharp riblet since the increased etching time enabled by the 
thicker mask causes a greater lateral consumption effect, exceeding the 
possibility of achieving the desired sharp peak profile, which is actually 
the main shape requirement.

3.2. Use of complexing agents

Two more strategies to counteract the progressive deposition of 
corrosion products on the surface have been studied. The first is based 
on the introduction of a compound with complexing action into the 
electrolyte. EDTA was chosen for its ability to form complexes with 
many metal cations in a 1:1 ratio regardless of the oxidation state of the 
ion [37]. Ammonia and glycine are the other two compounds explored 
for electrolyte modification. It is well known that glycine is an effective 
complexing agent frequently used to enhance the reduced removal rate 
[41,42].

The addition of EDTA at a concentration of 0.1 M acidifies the so
lution to a pH of 4.7, making the electrolyte more aggressive towards the 
metal substrate of an amphoteric nature under consideration. However, 
this does not result in a greater etching depth h as highlighted in 
Fig. 13a. Moreover, it seems to alter the shape of the profile: the ideal 
fluid dynamics sharp shape is replaced by a lateral marked undercut that 
forms in the riblet, resulting in a “T”-shaped apex (Fig. 12).

In the scenario, other complexing agents were tested singularly. 
Glycine (0.5 M) was introduced in the base 100 g/L NaNO3 solution as a 

Fig. 11. Riblet top head width (T) and lateral etching (w) evolution at increasing the product of the etching time-on and the current intensity, namely “Etching 
Degree” (A⋅s/cm2). Samples masked with 10 and 20 ink layers are compared. All profiles were obtained by applying continuous current in 1.17 M NaNO3.

Fig. 12. Etched profile obtained from a pattern pitch s = 200 μm and 20 ink- 
layers after 330 s etching at 2 A/cm2. The riblet's height measurement is dis
played around 75 μm.

A. Cristoforetti et al.                                                                                                                                                                                                                           



Surface & Coatings Technology 504 (2025) 132061

8

complexing agent for aluminum ions [41,42], with the anticipated goal 
of augmenting the etching removal rate and improving the surface fin
ishing, the outcomes achieved were rather dissatisfactory (Fig. 14). 
Under this nearly neutral solution condition (pH 6), the advancement of 

grooves appears to be less prominent in depth h (Fig. 13a) compared to 
the reference case without any addition, while lateral evolution (w) 
seems to predominate over all the other cases of study (Fig. 13b). The 
introduction of this complexing agent does not appear to compensate for 

Fig. 13. Riblets geometrical parameters evolution at increasing the product of the etching degree (A⋅s/cm2): etching depth h (a), lateral etching w (b), and riblets 
head top width T (c). The behavior of samples produced by a 20 ink-layers masking is displayed varying the etching electrolytes.

Fig. 14. Etched profiles comparison of the same masking pattern (pitch s = 200 μm and 20 ink layers) in different treatment conditions: continuous current in 1.17 M 
NaNO3, continuous current in 1.17 M NaNO3 with the addition of 0.01 M of EDTA, glycine 0.5 M, and ammonia 0.1 M.
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the “masking” effect of corrosion products in the grooves, or this phe
nomenon is not the primary limitation in advancing etching in the depth 
direction. Indeed this augmented aggressivity of the etching aligns with 
previously published experimental data where an increase in glycine 
concentration causes a sharp rise in the removal rate [43]. Researchers 
indicate that glycine molecules can form complexes with metal ions, 
such as aluminum ions and aluminum oxide, resulting in soluble glyci
ne‑aluminum products [41,42].

Furthermore, by adding ammonia in a concentration of 0.1 M, an 
alkalinization of the etching environment is triggered to pH 11. Even in 
this case, a more pronounced profile is not obtained. Instead, these 
conditions produce riblets with a height h smaller than those produced 
under other conditions, given the same applied current. Additionally, 
the shorter peaks are characterized by a greater lateral consumption w 
and an early loss of the polymer mask shielding, as evidenced by the 
more rapid and premature decline of the parameter T. Therefore, the 
modification of the electrolyte and the alteration of the pH make the 
conditions more aggressive for the metal. However, this simultaneously 
damages the texturing process by diminishing the selectivity of the 
attack in the unmasked areas. By adjusting the discussed parameters to 
correctly proportion the lateral consumption w relative to the depth, it is 
possible to meet the most important requirement for the application in 
question, namely the pointed shape of the riblets. Consequently, 
chemical alterations to the electrolyte that lead to either excessive 
aggressiveness, prematurely undermining the mask-substrate interface, 

or an accelerated lateral consumption w relative to the reduction of the 
riblet top width T, should be avoided in the process of optimizing the 
production process.

3.3. Pulsed current etching

Pulsed current electrochemical etching was also employed to try to 
obtain the desired profile. Pulsed current consists of an on-time followed 
by a period during which no current is applied. These steps are regulated 
by the so-called duty cycle, which defines the portion of time during 
which current is applied relative to the total period. In this way, by 
applying 2 A/cm2 with a 50 % duty cycle at a frequency of 250 Hz, a 
current delivery profile is obtained in which 2 μs of polarization are 
alternated with 2 μs of cell off. During this off-period, the stirring effect 
should facilitate the removal of corrosion products and restore the 
equilibrium and concentrations of chemical species at the interface [26]. 
With this second approach based on pulsed current, the treatment time 
was chosen considering the “on” time in order to have periods of se
lective corrosion comparable to the ones previously used, reported in 
Fig. 14. This approach leads to promising results, confirming the fact of 
being favored as a preferable method in related studies found in the 
literature [26]. In this case, achieving maximum riblet height appears to 
be less dependent on the treatment time choice (Fig. 15). Comparing it 
with a similar case under continuous current, a sharp drop after the 
maximum height is not observed in Fig. 15a but rather a more gradual 

Fig. 15. Riblets geometrical parameters evolution at increasing the product of the etching degree (A⋅s/cm2): etching depth h (a), lateral etching w (b), and riblets 
head top width T (c). The behavior of samples produced by a 20 ink-layers masking is displayed varying the etching current supply signal.
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trend for both the duty cycles tested. This behavior may suggest that 
pulsed current offers greater adaptability to potential industrial pro
cesses, resulting in less variability in the obtained profiles in terms of 
etching depth (Fig. 16). However, to obtain profiles similar to those 
produced by direct current, doubled treatment times are necessary, 
considering a 50 % duty cycle. Regarding the surface finishing obtained 
under different electrolyte conditions, no significant differences were 
observed when varying the process parameters. The arithmetic mean 
roughness (Ra) was consistently around 0.86 ± 0.03 μm when measured 
on flat-etched substrates. However, this value increased significantly 
due to the TMEMM process, showing a 40 % rise compared to the un
treated AA2024 surface. While this roughness variation could influence 
the drag reduction properties, the riblet geometry is undoubtedly the 
dominant feature in this context.

4. Conclusions

This study demonstrates how TMEMM technology, based on mask 
patterning via ink-jet, can be engineered to modulate the riblet pattern 
pitch along different areas of the aircraft characterized by varying fluid 
dynamics conditions. With this technology, it is possible to meet the 
most important requirement for the considered drag-reduction purpose, 
which is the pointed shape of the riblets.

Furthermore, by leveraging the electric field in electrochemical 
etching through the shape, the period of treatment, and masking fea
tures the height of the riblets—i.e., the depth of the etching—can be 
tailored according to the needs of the optimal design. In this context, a 
vertical etching rate in the order from 0.11 to 0.32 μm/s is displayed at 
different levels of static anodic polarization achieving the maximum 
riblet's height of 75 ± 2 μm when etching at 2 A/cm2 for 330 s a 
AA2024-T3 substrate masked with a 20 ink-layers 200 μm spaced 
pattern.

Generally, a thicker layer of the applied polymeric mask provides 
more opportunities to go deeper with longer etching before observing a 
decrease in riblet height due to over-etching.

The addition of complexing agents such as EDTA, glycine, and 
ammonia, does not seem to have relevance to the profile or final surface 
finish.

Similarly, pulsed current as an alternative to direct current is ex
pected to facilitate the removal of corrosion products generated on the 
surface during etching. However, this does not result in a significant 
effect on the evolution of the geometry of the obtained profiles.

The ultimate challenge lies in optimizing the parameters to obtain 
both riblets of adequate height and sharp profiles, shapes achievable at a 
precise moment during the etching treatment, just before the loss of 
riblet height occurs. The industrial scalability of TMEMM could be 
promising, as high-current electrochemical processes are already well- 

established. However, upscaling requires careful thermal management 
to maintain electrolyte stability and process efficiency. Future de
velopments should focus on optimizing bath configuration and tem
perature control to address potential heating issues. Despite these 
challenges, TMEMM remains a viable approach for large-area surface 
texturing in industrial applications.
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