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Abstract
Electrolyte jet machining (EJM) and electrodeposition present unexploited opportunities for the manufacturing of multi-
scale structured surfaces. The present work assesses the morphology and antibacterial properties of textured and multiscale 
stainless steel surfaces produced by EJM with a new 50 mm × 0.3 mm slit nozzle, as well as multiscale surfaces subject to 
electrodeposition with copper. Characterisation of the surface morphology obtained via EJM with various combinations 
of current density, machining time and groove spacing is performed to facilitate the selection of representative surfaces for 
bacterial retention tests. Higher current density with constant applied charge leads to lower surface roughness at constant 
scanning speed and greater groove depth and width under static conditions. Groove depth is proportional to machining time 
at constant current density, while a groove pitch of 1.05 mm is found to provide the optimum compromise between maxi-
mum groove depth and complete surface coverage. Microscale surface features are found to reduce Escherichia coli and 
Pseudomonas aeruginosa retention by up to 97% compared to untextured control surfaces, while larger grooves play a role in 
inhibiting bacterial attachment by inducing turbulence. The presence of copper agglomerates completely eliminates bacterial 
retention under the tested conditions. The developed process provides a flexible approach to tailoring surface properties for 
specific applications requiring antimicrobial properties.
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1  Introduction

Textured surfaces with antimicrobial and antifouling prop-
erties have been the subject of intense scrutiny over recent 
years with the aim of overcoming contamination deriving 
from the build-up of bacteria, viruses, fungi and algae [1]. 
One of the most promising approaches has been the produc-
tion of biomimetic structures mimicking naturally occur-
ring surfaces such as the lotus leaf and cicada wing [2]. 
The former is characterised by the presence of hierarchical 
surface structures, facilitating self-cleaning behaviour via 
the rolling action of water droplets over the surface [3]. The 

latter comprises a series of nanoscale pillars that exhibit 
bactericidal properties via direct rupture of the cell wall [4]. 
Though a range of surface properties have been explored 
as drivers of antimicrobial behaviour, fine surface features 
similar in size or smaller than microbial cells (0.5–4 µm for 
bacteria) have been identified as playing a role in inhibiting 
retention during the initial phases of attachment by reduc-
ing the cell-substrate contact area [5]. Molecular dynamics 
modelling has shown that fine surface structures can create 
mechanical stresses within bacterial cell walls that, while 
not necessarily causing rupture, may be sufficient to induce 
changes in metabolism that inhibit proliferation [6]. This 
mechanism, shown schematically in Fig. 1, is more impor-
tant than wettability for the functionality of textured anti-
bacterial surfaces. Furthermore, wide and shallow periodic 
patterns may induce turbulent flow in liquid media that plays 
a role in limiting bacterial retention.

Manufacturing processes that have been employed for the 
production of textured antibacterial surfaces include sputter 
deposition [7], nanolithography [8] and short and ultrashort 
pulsed laser texturing [9, 10]. Sub-micrometric laser-induced 
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periodic surface structures (LIPSS) produced with ultrashort 
laser pulses have been shown to reduce retention of Escheri-
chia coli (E. coli) and Pseudomonas aeruginosa (P. aerugi-
nosa) by as much as 99% [10, 11]. The formation of iron 
oxide via nanosecond pulsed laser texturing has also been 
shown to reduce E. coli retention by up to 98% [9]. Despite 
these outcomes, laser texturing exhibits important limita-
tions relating to cost, thermal effects, uncontrolled changes 
in surface chemistry and difficulty in treating internal sur-
faces. Alternate manufacturing processes must therefore be 
pursued for the production of antimicrobial surfaces across 
a diverse range of applications.

In contrast to electrochemical machining (ECM), electro-
lyte jet machining (EJM) allows selective surface modifica-
tion in a direct write manner and improves electrolyte supply 
to the reaction zone [12–14]. While ECM requires precise 
control over the distance between the tool and workpiece, 
EJM is performed at constant current density to achieve 
the same machined surface with little sensitivity to the 
distance between the electrodes. When performed at low 
current density, the surface can be textured by generating 
a fine structure via pitting corrosion. Recent developments 
in EJM have focused on increasing the resolution of achiev-
able geometric features down to the microscale [15, 16]. 
While EJM is generally employed to produce well-defined 
features, attempting to maximise material removal rate and 
minimise error and roughness [17, 18], the ability to inde-
pendently modify surface topography and chemistry in a 
single process has been shown to allow tailoring of surface 

wettability and biocompatibility [19, 20]. The surface mor-
phology obtained via EJM depends on the current density 
and dwell time [21, 22], with the process allowing coarse, 
fine and multiscale features to be produced. When high cur-
rent density is applied to the anode, dissolution phenomena 
are concentrated on surface protrusions, and the surface 
tends to become smooth, as the anodic dissolution rate is 
higher than the diffusion rate into the electrolyte. This results 
in the formation of a viscous liquid film consisting of dis-
solved metal ions near the surface. Since the diffusion layer 
is thicker in recesses than over protrusions, the dissolution 
rate of protrusions is faster than that of recesses. When the 
current density is low, the anodic dissolution rate is lower 
than the diffusion rate into the electrolyte, resulting in imme-
diate diffusion of dissolved metal ions and uniform cover-
age of the metal surface by the diffusion layer. As a result, 
surface smoothing does not take place at low current density. 
These outcomes can be exploited to fabricate surfaces with 
various microstructures by EJM [21, 22]. A schematic of 
the relationship between the potential distribution and dif-
fusion layer at low, intermediate and high current density is 
shown in Fig. 2.

Multiscale features produced via EJM have seen lit-
tle attention to date despite their potential to play a role 
in the development of bio-inspired surfaces [23]. Tur-
bulence can be generated when a fluid is made to flow 
over projections and depressions on a surface, an effect 
that can be exploited in conjunction with smaller surface 
structures to impede bacterial attachment. The pitch and 

Fig. 1   Schematic representation 
of interaction between bacterial 
cells and a textured surfaces: a 
features smaller than the bac-
terium reduce contact area and 
intensify local stresses, inhibit-
ing adhesion; b feature size and 
spacing larger than bacteria 
favour turbulence, avoiding 
nesting and formation of colo-
nies at the bottom of valleys

Fig. 2   Relationship between potential distribution and diffusion layer at a low, b intermediate and c high current density
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depth of surface structures influence the degree of turbu-
lence that is generated. Such structures can be produced 
via EJM with a slit nozzle by performing a series of sta-
tionary machining operations separated by a pre-defined 
distance perpendicular to the long edge of the nozzle. Slit 
nozzles also allow texturing to be performed with higher 
throughput than cylindrical nozzles [22, 23]; however, the 
geometry of EJM jets achieved with slit nozzles requires 
optimisation to ensure homogenous surface coverage and 
adequate throughput to compete with other processes such 
as laser texturing [24]. Finally, a similar process setup 
to EJM can be employed to perform electrodeposition, 
opening up a range of possibilities for coating textured 
multiscale metallic substrates with microbicidal elements 
such as silver and copper.

In light of these opportunities, the present work 
explores the potential of EJM and electrodeposition 
for the production of metallic antimicrobial surfaces, 
exploiting the antimicrobial properties of fine and mul-
tiscale surface structures produced via EJM by limiting 
the number of cell-substrate contact points and inducing 
turbulent flow in the liquid medium during the initial 
phases of attachment. Moreover, the biocidal properties 
of copper produced via electrodeposition are explored as 
an approach to reduce microbial retention. Further to the 
functional properties achieved with these electrochemical 
processes, a new slit nozzle is introduced for the treat-
ment of 50-mm-wide samples in a single pass, represent-
ing a fundamental step towards upscaling and the produc-
tion of larger functional surfaces.

2 � Materials and methods

2.1 � Substrates

Cold drawn SUS316 austenitic stainless steel substrates with 
initial roughness (Sa) of 0.19 ± 0.01 µm were employed for 
all experiments. Individual specimens were of dimensions 
50 mm × 50 mm × 3 mm, providing sufficient area to per-
form microbial sampling from surfaces using contact swabs 
according to ISO 18593. Specimens were subject to various 
combinations of EJM and electrodeposition over the entire 
surface prior to bacterial retention tests.

2.2 � EJM setup

The experimental setup employed for EJM, represented 
schematically in Fig. 3, consisted of a Matsusada Precision 
PKT 80–100 power supply, an Iwaki MDG-M4T6A100 
Magnet Gear Pump electrolyte circulation system, a cus-
tomised slit nozzle and Musasi Engineering SHOTMAS-
TER 200DSS-4A CNC axes for movement in the x, y and 
z directions. The power supply was capable of providing 
voltage in the range 0–80 V and current in the range 0–100 
A. The electrolyte was an aqueous solution of NaNO3 (20 
wt%). The nozzle consisted of two metal electrodes, a 0.3-
mm spacer between the two and an insulating fixture to hold 
the assembly in place and confine the electrolyte. The width 
of the slit and thickness of the spacer determined the jet 
dimensions at the outlet, 50 mm × 0.3 mm. In contrast to pre-
vious studies employing slit nozzles of more limited width 
[25], the present setup employed a triangular pocket in the 
inlet fixture and a slot opening in one of the electrodes to 

Fig. 3   Schematic of EJM setup, 
assembly of 50 mm × 0.3 mm 
slit nozzle, and influence of 
spacer and pocket on flow 
uniformity
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provide uniform and stable flow across the entire width of 
the slit (see bottom right inset of Fig. 3). A thin wax layer 
was placed between the inlet-side insulating fixture and adja-
cent electrode to inhibit electrolyte leakage.

The potential and current density distribution achieved 
with a slit nozzle are fundamentally different to those 
achieved with a cylindrical nozzle. Figure 4 presents a com-
parison between the simulated potential difference and cur-
rent density with cylindrical and slit nozzles [26, 27]. In both 
cases, the electric field strength immediately below the jet is 
high, with dissolution phenomena concentrated within this 
region. For the cylindrical nozzle, the electrolyte thickness 
immediately adjacent to the jet, a/2, is one quarter of the jet 
diameter, 2a. For the slit nozzle, the electrolyte thickness in 
the same region, a, is half the slit width, 2a. In addition, the 
current density decreases more quickly for the cylindrical 
nozzle than for the slit nozzle, reaching 1/10 of the peak 
value at 1.5a from the centre of the cylindrical nozzle and 
2a from the centre of the slit nozzle. A slit nozzle there-
fore increases the area subject to low current density and 
can therefore be employed for surface texturing with higher 
throughput than a cylindrical nozzle [22].

2.3 � Characterisation of EJM with 50 mm × 0.3 mm 
slit nozzle

EJM experiments were performed with a constant gap 
width of 1 mm. A homogeneous electrolyte distribution 
was achieved with a flow rate of at least 37 ml/s. Lower 
values led to a non-uniform jet distribution and dispersion 

in some cases, while higher values led to minor increases 
in jet width at distances far from the nozzle. A flow rate 
of 37 ml/s was considered to be the optimum compromise 
between obtaining a uniform jet and avoiding safety issues 
associated with rebound of the jet from the treated surface. 
The transparent nature of the jet was considered a positive 
indicator of electrolyte flow uniformity within the nozzle 
and machining region.

Four sets of experiments were performed to character-
ise the resulting surface morphology achieved with the 
50 mm × 0.3 mm slit nozzle upon variation of the current 
density, machining time and groove spacing. With the aim of 
tailoring surface roughness, the effect of current density on 
the surface texture was firstly investigated at a constant scan-
ning speed of 8 mm/s. In this case, the number of passes was 
chosen to be inversely proportion to the current density such 
that the applied charge per unit area was constant (Table 1). 
With the aim of tailoring multiscale surfaces, static machin-
ing experiments were then performed to investigate the effect 
of current density and machining time on the cross-sectional 
groove shape, depth and width. In a first set of experiments, 
the current density was varied, while the processing time 
was chosen to be inversely proportion to the current den-
sity such that the applied charge per unit area was constant 
(Table 2). In a second set of tests, a constant current density 
of 60 A/cm2 was applied while varying the machining time 
independently (Table 3). Finally, the effect of groove pitch 
was investigated at a constant current density of 60 A/cm2 
and machining time of 8 s to determine the ideal spacing for 
production of homogeneous multiscale surfaces (Table 4).

Fig. 4   a Potential distribution and b current density with cylindrical and slit nozzles [26, 27]

Table 1   EJM parameters 
employed for process 
characterisation at constant 
scanning speed

Current density (A/cm2) 10 20 30 40 50 60
Scanning speed (mm/s) 8
Number of passes 120 60 40 30 24 20
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The surface morphology of all samples produced during 
this phase was acquired with a JEOL JSM-6010LV SEM. 
Linear profiles and roughness parameters were determined 
with a Mitutoyo SV-C3200S4.

2.4 � EJM of antimicrobial surfaces

Based on the outcomes of these experiments, specific condi-
tions were chosen to explore the effects of surface feature 
size and groove depth on the properties of antimicrobial 
surfaces. In order to decrease the contact area between the 
surface texture and bacterial cells as much as possible, a 
first set of experiments was performed to produce surface 
features less than 2 µm2 in size. This theoretical value is the 
approximate cell-substrate contact area of rod-like (sphero-
cylindrical) bacteria such as E. coli and P. aeruginosa, which 
have an average total length of 2 µm and diameter of 1 µm. 
Individual samples were treated with a current density of 20 
A/cm2 and 60 A/cm2 while translating the nozzle across the 

surface at a constant scanning speed of 8 mm/s. As with pre-
vious experiments, the number of scanning passes was cho-
sen to maintain the same applied charge per unit area for all 
experiments, with 60 passes performed at 20 A/cm2 and 20 
passes performed at 60 A/cm2. A second set of experiments 
was carried out with the aim of inducing local turbulence 

in the liquid medium in close proximity to the substrate via 
multiscale surface structures. For this purpose, a series of 
stationary EJM operations was performed with a current 
density of 60 A/cm2, machining time of 8 s and groove pitch 
of 1.05 mm, after which 60 translational passes were per-
formed with a current density of 20 A/cm2 and a scanning 
speed of 8 mm/s. A third set of experiments was performed 
with the aim of coating multiscale surfaces produced with 
the aforementioned procedure via electrodeposition of cop-
per. Specimens were placed in an aqueous solution of CuSO4 
(20 wt%) together with pure copper anodes while passing a 
current density of 0.15 A/cm2 between the two for 30 s. Cop-
per was chosen due to its potential application in healthcare 
to reduce the risk of bacterial contamination [28]; however, 
the developed approach could also be applied to other bioc-
idal elements. All process parameters employed for produc-
tion of antimicrobial surfaces are presented in Table 5. A 
schematic of the entire manufacturing process for production 
of the antimicrobial surfaces is presented in Fig. 5.

Table 2   EJM parameters employed for process characterisation under 
static conditions with constant applied charge

Current density (A/cm2) 20 40 60 80 100
Machining time (s) 36 18 12 9 7.2

Table 3   EJM parameters employed for process characterisation under static conditions at constant current density

Current density (A/cm2) 60
Machining time (s) 2 4 6 8 10 12

Table 4   EJM parameters employed for process characterisation under constant static conditions at constant current density and machining time

Current density (A/cm2) 60
Machining time (s) 8
Groove spacing (mm) 0.95 1.00 1.05 1.10 1.15 1.20

Table 5   EJM and 
electrodeposition parameters 
employed for production of 
antimicrobial surfaces

Label 20 A/cm2 60 A/cm2 Multi. Multi. + Cu

Current density, stationary (A/cm2) - - 60 60
Machining time, stationary (s) - - 8 8
Groove spacing, stationary (mm) - - 1.05 1.05
Current density, scanning (A/cm2) 20 60 20 20
Scanning speed, scanning (mm/s) 8 8 8 8
Number of passes, scanning 60 20 60 60
Solution, electrodeposition - - - CuSO4

Current density, electrodeposition (A/cm2) - - - 0.15
Machining time, electrodeposition (s) - - - 30
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Scanning electron microscopy (SEM) and energy-disper-
sive X-ray spectroscopy (EDX) were performed on treated 
and untreated samples with JEOL JSM-6010LV SEM and 
JSM-6510LV EDX systems to characterise surface morphol-
ogy and chemistry, respectively. Surface topography was 
acquired with a Taylor Hobson CCI optical profiler equipped 
with  50× and 10× objectives. At highest magnification, the 
instrument was capable of achieving a resolution of 0.4 µm 
in the horizontal plane and < 1 nm in the vertical direction 
over an acquisition area of 356 µm × 356 µm. Topography 
analysis was performed at nine equally spaced positions 
on each sample at highest magnification to assess the uni-
formity of the applied treatments. For multiscale surfaces, a 
second order polynomial form filter was applied to remove 
surface curvature and allow only microscale topography to 
be assessed. Areal surface roughness parameters including 
the arithmetic mean height (Sa), skewness (Ssk), kurtosis 
(Sku) and density of peaks (Spd) were calculated in line with 
ISO 25178. Multiscale surfaces were also analysed at lower 
magnification over an area of 3 mm × 3 mm to acquire larger 
features for complete surface characterisation.

2.5 � Bacterial retention

Bacterial retention tests were performed on treated 
and untreated samples following procedures set out in 
ISO 22196, ISO 27447 and ISO 18593 for measuring 

antibacterial performance and horizontal swabbing methods. 
Individual specimens were submerged in bacterial solutions 
and maintained in oscillation to assess bacterial attachment 
on textured and multiscale surfaces in dynamic conditions 
in line with the procedure described in [11]. E. coli and P. 
aeruginosa were chosen as bacterial strains due to their rele-
vance in the food and healthcare industries. Both are rod-like 
gram-negative strains. Three identical samples were tested 
for each combination of bacteria type and surface, with the 
residual bacteria count normalised against results obtained 
on untreated SUS316 control samples tested under the same 
conditions. Bacterial colonies were incubated in Nutri-
ent Agar (NA) at 37 °C to achieve an appropriate growth 
phase, after which the stock was diluted to N/500 before 
being transferred to sterile 200-ml containers. Cleaned and 
sterilised specimens were held horizontally within the bacte-
rial solution for 2 h at 24 °C, with the tested surface facing 
upwards while the containers were agitated at 1.5 Hz with 
a stroke of 30 mm. Upon removal of the samples from the 
bacterial solution, surface swabs were taken over an area 
of 50 × 40 mm in both orthogonal directions prior to being 
diluted in solution and incubated in NA for 48 h at 37 °C. 
The number of colony forming units was then determined 
for each specimen with a colony counter.

3 � Results and discussion

3.1 � Characterisation of EJM with 50 mm × 0.3 mm 
slit nozzle

The surface roughness obtained with tests performed at a 
constant scanning speed of 8 mm/s (Table 1) is displayed 
in Fig. 6. The surface roughness was found to decrease 
with increasing current density from approximately 0.3 µm 
at 10 A/cm2 to approximately 0.1 µm at 60 A/cm2, while 
the size of surface structures was also found to decrease 
with increasing current density. This outcome was due to 

Fig. 5   Manufacturing process for the production of antimicrobial sur-
faces. a Textured flat surfaces subject to EJM at constant scanning 
speed (20 A/cm2 and 60 A/cm2). b Multiscale surfaces subject to sta-
tionary EJM operations followed by EJM at constant scanning speed. 
c Electrodeposition of copper on multiscale surfaces

Fig. 6   Measured surface roughness as a function of current density 
for tests performed at a constant scanning speed of 8 mm/s
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the anodic dissolution rate being lower than the electrolyte 
diffusion rate at low current density, resulting in uniform 
coverage of the surface by the diffusion layer (Fig. 2a). This 
led the formation of a complex, rough and porous surface 
structure at 10 A/cm2 [21]. At higher current density, the 
anodic dissolution rate was higher than the electrolyte diffu-
sion rate, resulting in more uniform coverage of the surface 
by the diffusion layer and preferential dissolution of protru-
sions, leading to smoothing of the surface and lower surface 
roughness at 60 A/cm2 (Fig. 2c).

Based on these outcomes, higher current density was con-
sidered preferable for obtaining surface textures with fine 
surface features, appropriate for the production of antimi-
crobial surfaces. The cross-sectional groove shape, depth 
and width are shown in Fig. 7 for tests performed under 
static conditions (Table 2). Groove profiles exhibited typi-
cal rounded features with tapering due to changes in current 
density across the jet cross-section (Fig. 4b). Differences in 
processing depth and width were most pronounced between 
20 and 40 A/cm2, after which minor increases in groove 
depth were achieved at higher current density. Noting that 
the amount of charge per unit area was the same in all cases, 
much lower material removal at 20 A/cm2 was due to the 
formation of a passive film on stainless steel in the sodium 
nitrate aqueous solution, which cannot be removed unless 
the current density is sufficient for the material to enter the 
hyperpassive region. Once this condition was overcome, the 
removal depth increased slowly with current density due to 
increases in current efficiency at higher current density [29]. 
Slight increases in groove width were also observed over 
the tested parameter range as more of the jet exceeded the 
activation threshold for the onset of machining.

For static tests performed at constant current density 
(Table 3), the processing depth was found to be proportional 

to the processing time (Fig. 8), in line with Faraday’s law 
at constant current efficiency. Based on these outcomes, a 
processing time of 8 s was chosen to produce subsequent 
multiscale antimicrobial surfaces with a groove depth of 
approximately 50–60 µm. The effect of groove pitch on the 
resulting surface profile under these conditions (Table 4) is 
shown in Fig. 9. With a pitch of 1.00 mm, grooves were 
overlapping, leading to lower effective groove depth. With a 
pitch of 1.10 mm, a section of the original surface remained 
between grooves, leading to a discontinuous surface profile. 
A pitch of 1.05 mm was therefore selected as the optimum 
compromise between maximum groove depth and complete 
surface coverage.

3.2 � EJM of antimicrobial surfaces

SEM images of the antimicrobial surfaces produced via EJM 
and electrodeposition (Table 5) are presented in Fig. 10. Flat 
specimens treated with current densities of 20 A/cm2 and 

Fig. 7   Cross-sectional groove 
a shape, b depth and c width 
as a function of current density 
for tests performed under static 
conditions with constant applied 
charge

Fig. 8   Groove depth as  a function of machining time for tests per-
formed under static conditions with a constant current density of 60 
A/cm2
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60 A/cm2 with a constant scanning speed of 8 mm/s exhib-
ited homogeneous arrays of craters ranging from < 1 µm to 
approximately 3 µm in diameter. Such morphology derived 
from pitting erosion during EJM [21]. Multiscale structures 
instead exhibited more complex morphology characterised 
by a series of macroscopic crests and valleys with a pitch 
of 1.05 mm, larger craters of diameter 10–30 µm on the 
top of each crest and homogeneous coverage of the entire 
surface with smaller craters similar to those observed on the 
flat samples. In this case, stationary EJM operations led not 
only to greater machining depth at the centre of the jet but 
also to the formation of large craters far from the electrolyte 
jet axis due to very low current density in these regions. 
Subsequent scanning passes led to the homogeneous for-
mation of smaller craters, similar to those observed on flat 
textured samples, superimposed on the larger structures. 
Finally, electrodeposition with copper led to the formation 
of 1–5 µm agglomerates that partially covered the underly-
ing texture. Though some of the finest surface features were 
masked during the deposition phase, the specimens were 

still characterised by hierarchical morphology comprising 
macroscopic crests, larger craters and finer surface features.

The atomic ratios of antimicrobial surfaces obtained with 
SEM–EDX are presented in Table 6. Flat textured and multi-
scale surfaces exhibited 4.3–4.9at.% increases in oxygen and 
3.5–8.3at.% decreases in iron compared to reference samples 
as a result of reactions during the EJM process. Electrodepo-
sition of copper instead led to approximately 50at.% copper, 
with large reductions in iron, chromium and nickel due to 
partial coverage of the original surface. This outcome con-
firmed that agglomerates formed during electrodeposition 
were in fact pure copper, thus incorporating an antimicrobial 
agent onto the textured surfaces.

Surface topographies acquired with the optical profiler are 
presented in Fig. 11 for multiscale antimicrobial surfaces. 
The presence of fine surface structures with vertical and 
horizontal dimensions in the order of 1–3 µm was observed 
on flat specimens and within the valleys of multiscale struc-
tures. The macroscopic peak-to-valley height of the latter 
was approximately 50 µm. Deposited agglomerates had a 

Fig. 9   Contour measurements 
of surfaces with groove pitches 
of a 1.00 mm, b 1.05 mm and c 
1.10 mm and a current density 
of 60 A/cm2 and machin-
ing time of 8 s. The original 
surfaces are indicated in green 
in each case
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clear impact on surface topography for specimens subject 
to electrodeposition with copper, leading to structures with 
vertical and horizontal extension in the order of 1–5 µm. 
A large proportion of the underlying topography was uni-
formly covered by copper agglomerates, with the presence 
of fine surface protrusions facilitating dense nucleation and 
adhesion of copper particles. Such adhesion to the surface 
texture is of importance for creating durable antimicrobial 
surfaces that may be subjected to turbulence of liquid media 
and other external forces.

Surface roughness parameters for antimicrobial surfaces 
are provided in Table 7. Flat textured and multiscale speci-
mens exhibited marginally higher arithmetic mean height 

(Sa) than untextured reference samples, 0.23–0.26 µm com-
pared to 0.19 µm, with a slight decrease with increasing 
current density. Electrodeposition with copper instead led 
to an approximately threefold increase in Sa to 0.75 µm due 
to important changes in surface topography. Skewness (Ssk) 
was in the range − 0.2 to 0.2 and kurtosis (Sku) in the range 
2–4 in all cases, corresponding to symmetric mesokurtic 
height distributions. The density of peaks (Spd), calculated 
based on segmentation of the surface with the watershed 
algorithm, was in the range 0.58–0.63 µm−2 for flat textured 
and multiscale specimens, implying single features occupied 
on average 1.6–1.7 µm2. This outcome is in line with the 
initial hypotheses for reducing retention of spherocylindrical 

Fig. 10   SEM images of antimi-
crobial surfaces and schematics 
of multiscale surfaces

Table 6   Average SEM–EDX 
atomic ratios (at.%) of all 
antimicrobial surfaces

Sample C O Cr Fe Ni Cu Other

Reference 16.2 1.5 15.6 57.3 7.8 - 1.6
20 A/cm2 18.5 5.9 15.2 52.0 6.7 - 1.7
60 A/cm2 22.0 6.4 14.8 49.0 6.4 - 1.5
Multi. 15.5 5.8 16.2 53.8 7.1 - 1.6
Multi. + Cu 19.6 3.1 5.8 19.5 1.9 49.8 0.3
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bacteria such as E. coli and P. aeruginosa on textured sub-
strates, as the characteristic surface feature size must be sim-
ilar or smaller than the cell-substrate contact area. The pres-
ence of larger features on multiscale surfaces was instead 
expected to have implications for avoiding bacterial nesting 
via the generation of turbulent flow conditions. Electrodepo-
sition of copper led to a decrease in Spd to 0.46 µm−2 due 
to the presence of larger surface features, implying single 
features occupied on average 2.2 µm2. The standard devia-
tion of all measured parameters was low, confirming that the 
slit nozzle provided homogeneous treatment over the entire 
50 mm × 50 mm area of all specimens.

3.3 � Bacterial retention

Average normalised residual bacteria counts for E. coli and 
P. aeruginosa are presented in Fig. 12 for all tested surfaces. 

E. coli retention was reduced by more than 97% compared to 
untreated control samples for flat surfaces subject to a cur-
rent density of 20 A/cm2 and more than 90% for multiscale 
surfaces. As a consequence, E. coli was found to be more 
sensitive to the feature size generated by EJM than turbulent 
flow induced by larger-scale patterns on multiscale surfaces. 
Similar trends were observed for P. aeruginosa but with 
less pronounced reductions than for E. coli. In particular, P. 

Fig. 11   Topographic maps 
of multiscale antimicrobial 
surfaces

Table 7   Average and standard deviation of areal surface roughness 
parameters for all tested specimens

Sample Sa (µm) Ssk Sku Spd (µm−2)

20 A/cm2 0.26 ± 0.02 0.19 ± 0.06 3.95 ± 0.30 0.59 ± 0.02
60 A/cm2 0.24 ± 0.02  − 0.18 ± 0.04 3.25 ± 0.07 0.58 ± 0.01
Multi 0.23 ± 0.02  − 0.10 ± 0.04 3.72 ± 0.13 0.63 ± 0.02
Multi. + Cu 0.75 ± 0.03  − 0.13 ± 0.18 2.06 ± 0.27 0.46 ± 0.01

Fig. 12   Normalised bacterial retention on antimicrobial surfaces pro-
vided via EJM and electrodeposition
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aeruginosa adhesion exhibited little dependence on the cur-
rent density employed during EJM but moderate sensitivity 
to phenomena induced by multiscale features.

These outcomes confirmed the initial hypothesis that 
bacterial retention could be reduced by producing surface 
features with similar or smaller size than bacterial cells. 
The physical mechanism responsible for this reduction can 
be described by considering attachment point theory [5], 
whereby the available contact area between a textured sub-
strate and an individual bacterium is greatly reduced during 
the initial phases of attachment as the surface feature size 
approaches the bacterial cell size. A smaller contact area 
leads to a reduction in adhesion strength, as individual cells 
have fewer attachment points than for larger surface fea-
tures [30]. As a result, subsequent retention is inhibited or 
delayed, leading to surfaces that exhibit antibacterial behav-
iour. Both E. coli and P. aeruginosa are spherocylindrical 
bacteria with an average total length of 2 µm and diameter of 
1 µm [31, 32], implying that the cell-substrate contact area is 
approximately 2 µm2. All of the tested surfaces exhibited a 
density of peaks (Spd, Table 7) in the range 0.46–0.63 µm−2, 
implying single features occupied on average 1.6–2.2 µm2, 
of similar magnitude to the cell-substrate contact area. This 
outcome implies that a reduction in adhesion strength was 
achieved due to the smaller contact area between the cell and 
substrate. The susceptibility of P. aeruginosa to multiscale 
features was instead linked to the influence of hydrodynamic 
phenomena on biofilm structure for this particular bacterium 
[33].

Bacterial retention was completely inhibited on multiscale 
surfaces subject to electrodeposition with copper, imply-
ing that the combination of surface topography and copper 
agglomerates was highly effective at inhibiting E. coli and P. 
aeruginosa attachment under the tested conditions. Copper 
is known to rapidly kill bacteria via several mechanisms, 
including the generation of reactive hydroxyl radicals that 
provoke harmful reactions to cellular molecules, as well as 
the depletion of sulfhydryls by copper ions and consequent 
generation of hydrogen peroxide [29]. The combination of 
reduced cell-substrate contact area and bactericidal proper-
ties of copper therefore led to robust antimicrobial perfor-
mance of these surfaces under the tested conditions. Further 
investigation is now required to determine whether the tested 
surfaces exhibit antimicrobial behaviour over a wider spec-
trum of microorganisms, including different bacteria strains, 
viruses, fungi and algae.

4 � Conclusion

The present study has demonstrated that EJM with a 
50 mm × 0.3 mm slit nozzle and electrodeposition are ver-
satile processes capable of producing antimicrobial surfaces 

exploiting various mechanisms to reduce contamination. 
After characterising the surface morphology obtained with 
various combinations of current density, machining time and 
groove spacing during EJM, representative surfaces were 
subject to bacterial retention tests to confirm the effective-
ness of the proposed approach. Flat surfaces with fine sur-
face features were found to greatly reduce E. coli attachment 
by limiting cell-substrate contact. Multiscale surfaces were 
found to be more effective against P. aeruginosa by also 
exploiting turbulent flow, while electrodeposition of copper 
was found to completely eliminate attachment of both bac-
teria. These outcomes provide proof of concept for develop-
ment of multiscale bio-inspired surfaces via EJM and elec-
trodeposition. The most suitable approach to manufacturing 
antimicrobial surfaces for a given application will depend 
on the specific microorganisms in question and tolerance 
to antimicrobial materials in sensitive environments such 
as food packaging or devices for water treatment. Further 
investigation is therefore required to test a wider range of 
microorganisms and alternate nozzle designs capable of 
treating surfaces with more complex geometry such as inter-
nal surfaces.
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