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A B S T R A C T

Microrobotic prototypes for water cleaning are produced combining stereolithography 3D printing and wet
metallization. Different metallic layers are deposited on 3D printed parts using both electroless and electrolytic
deposition to impart required functionalities. In particular, by exploiting the flexibility and versatility of elec-
trolytic codeposition, pollutants photodegradation and bacteria killing are for the first time combined on the
same device by coating it with a composite nanocoating containing titania nanoparticles in a silver matrix. The
microstructure of the microrobots thus obtained is fully characterized and they are successfully actuated by
applying rotating magnetic fields. From the water cleaning point of view, devices show evident photocatalytic
activity towards water pollutants and antimicrobial activity for gram negative bacteria.

1. Introduction

Chemogenic and biogenic water contamination is among the main
problems for public healthcare worldwide, and especially in developing
countries. Low quality sewer networks or uncontrolled spills of toxic
industrial wastes are factors that strongly influence the quality of life
for billions people all over the world. Approximately, the total amount
of wastewater produced annually by human activities is about
1500 km3 (equivalent to six times more the amount of water contained
in all the rivers of the world) [1]. Polluted water is a source of a great
number of diseases caused by pathogens, such as cholera or dysentery,
or by chemical agents, like chronic poisoning or cancer [2]. Therefore,
effective water remediation strategies must synergistically target both
the detoxification of harmful bacteria, viruses or protozoa as well as the
removal of toxic chemicals. Many approaches used for water quality
improvement are based on the addition of chlorine containing species
(chlorination) to eliminate dangerous pathogens [3], or on techniques
such as chemical coagulation or chemisorption on active materials to
remove chemicals [4]. However, some chemicals are considerably dif-
ficult to eliminate using conventional techniques. For example, azo
dyes cannot be efficiently oxidized or aerobically digested [5–7]. Cur-
rent state-of-the-art methods are in many cases costly, or far from being
environmentally friendly. In this regard, last few decades have seen a

growing demand for low cost and green alternatives to common water
remediation methods.

Untethered small-scale machines [8–11] have been recently pro-
posed as potential mobile environmental micro- and nanocleaners. The
ability of these micro- and nanodevices for swimming [12,13] provides
several advantages over other micro- and nanoparticulates for water
cleaning applications. First, micro- and nanomachines could act in
difficult-to-access locations such as pipes or conductions. Furthermore,
the reactions involved in the degradation of products can be enhanced
as these small-scale cleaners could distribute washing chemical agents,
or act as mobile catalysts, mixers or adsorbing platforms. A drawback of
these swimmers is that many of them cannot be recovered. Several
types of micro- and nanomachines, in terms of their locomotion fea-
tures, have been reported for their use as water-remediation small-scale
agents. For example, several groups have shown different pollutant
treatments exploiting catalytically propelled motors [14–16]. In con-
trast, other groups have designed different types of magnetically driven
micro- and nanoplatforms for water cleaning applications, including
organics degradation [17] or bacteria killing [18]. Apart from their
recoverability, these devices exhibit a wide variety of locomotion pat-
terns and can be programmed [19] to scan regions of water waste
containers or lines.

Here, we present a magnetically controlled 3D printed cylindrical
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microrobotic prototype, which is able to target simultaneously the de-
gradation of organic pollutants and the killing of bacteria. Such pro-
totype is characterized by dimensions ranging between hundreds of
micrometers to millimiters, similarly to other microrobots described in
literature [20–22]. The device is fabricated by means of 3D printing
[23] and wet metallization [24–26], which are both low-cost manu-
facturing processes. Additionally, these fabrication techniques can be
easily operated, and allow for a batch production of parts or devices
[22]. Both 3D printing and wet metallization, however, present con-
siderable challenges when applied to microfabrication. Stereo-
lithography (SLA) at the microscale [27] is widely employed to man-
ufacture functional devices [28–31], but manufacturing possibilities are
in many cases limited by resolution and by the need to use printing
supports. Even the use of wet metallization introduces some challenges
that must be addressed, including for example the necessity to handle
the devices in the plating solutions. In addition, wet metallization
techniques are characterized by some intrinsic peculiarities. For in-
stance, while electroless deposition is highly conformal from the layer
thickness point of view [32], electrolytic deposition is influenced by
electric field distribution inhomogeneity. This implies that, for complex
shapes, it is hard to obtain a constant thickness on the device. Elec-
trolytic deposition is however advantageous in terms of plating speed
and variety of materials if compared to electroless plating. When cor-
rectly implemented, however, stereolithography and wet metallization
allow to combine the impressive flexibility of polymer based 3D
printing with the possibility to apply new functionalities introduced by
metallization.

Stereolithographically printed microdevices were produced and first
metallized with a magnetic layer to enable remote navigation under the
action of a magnetic field, and subsequently coated with an active
composite consisting of a silver matrix with embedded titania nano-
particles. The magnetic layer was made of a hard-magnetic alloy [33],
which allowed for programming its magnetization axis. Silver was se-
lected as it is one of the most effective antibiotic materials [34–37]. The
biocidal activity of silver is based on its ability to induce denaturation
of bacterial membrane proteins, to inhibit some vital enzymes and to
interact with proton exchange mechanisms. Silver is especially effective
against highly drug resistant gram-negative bacteria [38] and presents
minor toxicity towards superior organisms [39]. Titania (TiO2) was
primarily chosen for its high photocatalytic activity [40], which can be
further optimized doping the material [41–43]. In fact, one of the most
promising techniques for organic pollutants elimination is the advanced
oxidation process (AOP), which is based on the oxidation of organic
compounds by reactive radicals generated on the surface of semi-
conductor photocatalysts [44,45]. The biocidal activity of silver and the
photocatalytic properties of titania can be combined in a composite
material to achieve integrated water cleaning functionalities, as de-
monstrated in recent literature [46,47] in the case of chemical vapor
deposited layers. In order to combine silver and titania in the same
platform, however, electrochemical codeposition is the most attractive
method as it allows the easy and cost effective growth of dispersion
coatings made of metallic matrices with embedded ceramic micro- or
nanoparticles [48–51]. Additionally, this method can be used to uni-
formly coat intricate structures such as those 3D printed in this work
using a subset of the plating technology called barrel plating. A main
issue in the case of electrolytic deposition on millimeter-sized objects is
the electrical contact with the generator to close the anode/cathode
cell. Here, we capitalize on a technique typically employed in the in-
dustry for small parts that require galvanic treatments called barrel
plating. In barrel plating, a large number of objects is placed inside a
container able to conduct electricity [52]. The contact between the
parts and the container and between the parts themselves makes pos-
sible the passage of electrons and the subsequent electroreduction of
the desired metallic ions at the surface. The container is typically put in
rotation to allow uniform deposition.

2. Experimental methods

A urethane-acrylate based resin (DL260 by DWS) filled with 20%
m/m silica-alumina powder was employed for SLA printing of the de-
vices. A commercial stereolithography machine, model 028 J Plus
produced by Digital Wax Systems (DWS), was used. Such machine
mounted a monochromatic laser Solid State Bluedge BE-1500 A/BE-
1500AHR with galvanometer control, characterized by an emitting
power of 30mW, a wavelength of 405 nm, a beam spot diameter of
22 μm and a vertical (z-axis) resolution of 10 μm. CAD models were
designed using Solidworks software (Dassault Systèmes, France) and
cylindrical microdevices (whose design is visible in Figs. S1 and S2)
were printed in two shapes, namely PL (planar) and SP (spiral). Table
S1 reports nominal dimensions for PL and SP samples. Prior to the
printing step, the 3D virtual models were processed with a specific 3D
parametric software (Nauta+, DWS systems), and reoriented on the
working platform to ensure the highest printing resolution. Printing
supports were introduced by exploiting a dedicated command
(Autosupport), enabling to introduce cylindrical pillars with a height of
2mm and diameter ranging between 200 μm and 500 μm. The resulting
processed virtual models were subsequently sent to Fictor (DWS
Systems), the software machine that directly controls the 3D printer,
and numerically sliced according to the user-imposed building para-
meters. Laser speed ranged between 250 and 4300mm/s and the layer
thickness between 25 and 10 μm. After the SLA printing step, the
samples were washed in ethanol to remove unreacted resin, dried with
nitrogen, and then post-cured by further exposition to UV radiation for
30min (λ=405 nm, Model S Ultraviolet Curing Unit, DWS). The UV
post-curing step is meant to crosslink any uncured liquid resin within
laser-scanned adjacent lines and to accomplish the total polymer con-
version.

Samples were removed from the printing supports and subjected to
an electroless metallization treatment. All the chemicals employed for
the metallization process were purchased from Sigma Aldrich and used
as received. The devices were cleaned for 4min at Ta in a solution
containing Na2CO3 (50 g l−1), Na2SiO3 (35 g l−1), C12H25NaSO4 (3 g
l−1). No stirring was used and the devices were immersed in the solu-
tion and subsequently filtered out at the end of the cleaning step. After
washing with deionized water, the surface of the samples was etched
for 30min in a KOH solution (200 g l−1) at 45 °C. Also in this case no
stirring was used and the samples were recovered by filtering them out
of the solution. The surface was carefully washed with water to avoid
contamination of the subsequent solutions. Surface was activated for
electroless deposition using a Sn-free activation process comprising two
steps: immersion for 5min in a Pd based commercial activator
(Neoganth 834 by Atotech) and subsequent immersion for 30 s in a
reducing bath composed of NaBH4 (20 g l−1). No stirring was employed
and activation was performed three times on the devices. The devices
were not washed after the immersion in the Neoganth activator but
they were rinsed after the passage in the reducing solution. A first
copper layer was deposited using an alkaline electroless bath containing
the following components: CuSO4·5H2O (20 g l−1), Na2EDTA (40 g l−1),
C10H8N2 (10mg l−1), Fe(CN)6 (10mg l−1), C2H2O3 (10.5 g l−1) [53].
Deposition was performed at 45 °C and pH 12 for 15min. The micro-
devices were free to move in the solution thanks to the vigorous agi-
tation that left them in suspension. At the end of the electroless me-
tallization, they were recovered from the solution by filtering, washed
in deionized water and dried with nitrogen. CoNiP, Cu and Ag/TiO2

were applied placing the samples in a metallic basket realized em-
ploying a stainless steel net characterized by 250 μm as wires diameter
and pore size of 800 μm. Dimensions of the basket were 2 cm×0.7 cm
and 10 samples were placed in it. Samples were washed with deionized
water after each metallization step. CoNiP electrolytic bath formulation
was based on the following components: NiCl2·6H2O (25.92 g l−1),
CoCl2·6H2O (26.74 g l−1), NaH2PO2·H2O (12.84 g l−1), NaCl (40.91 g
l−1), H3BO3 (24.72 g l−1), saccharine (0.88 g l−1) [33]. pH was set to 3,
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no stirring was employed and deposition was performed at room tem-
perature and 10mA cm-2. Copper was deposited from a commercial
acidic solution, Hard Copper CU-200 (by Reprochem), at ambient
temperature, moderate stirring and 10mA cm-2. Silver/titania code-
position was performed employing a commercial silver plating solution
Silveron GT-101 (by Dow Electronic Materials), additivated with De-
gussa P-25 titania nanoparticles (20 g l−1). Deposition was performed
at pH 9.5, 45 °C, 30mA cm−2 and vigorous stirring to keep in sus-
pension titania particles. Deposition times were selected as detailed in
the results and discussion part to achieve a 5 μm thick layer for CoNiP
and a 6 μm thick for Ag/TiO2. Fig. S3 describes the complete metalli-
zation process, including both electroless and electrolytic metallization.

For SEM characterization, a Zeiss EVO 50 microscope was em-
ployed. The instrument was equipped with an Oxford Instruments
Model 7060 EDS module, which was used to study composition of de-
posited films. A Leica DMLM direct illumination microscope was used
to analyze the section of the samples. The atomic force microscope used
in this work is a NT-MDT SOLVER PRO. Magnetic properties of the
materials were evaluated by mean of a Princeton Measurement Corp.
MicroMag 3900 vibrating sample magnetometer (VSM) system.
Magnetic actuation was performed employing the Octomag manipula-
tion system [54]. Samples behavior was evaluated using air, water and
AP 100 siliconic oil (Sigma Aldrich) as medium.

Photodegradation tests inspired to the ISO standard were performed
[55]. A 2mg l−1 rhodamine B (Rh B) solution was employed and the
samples were illuminated using a UV lamp Spectroling EN-160 L/FE
having nominal power 6W and emitting at 365 nm. Intensity on the
samples was found to be 2.23mW cm-2. 3 samples were placed 4.5 cm
far from the lamp in 1ml of Rh B solution. Absorbance was measured by
mean of a UV–vis spectrophotometer Tecan Infinite 200 Pro.

Microrobots biokilling was quantified by counting colony‐forming
units (CFU). Clinically isolated methicillin resistant Staphylococcus
aureus ZH124 (University Zurich, Zurich, Switzerland) was grown in
Brain Heart Infusion (BHI) media overnight prior to antimicrobial tests.
Bacterial density has been determined by OD600 measurements and
adjusted to 0.5. Microrobots were cleaned with a 70% ethanol solution
and incubated overnight with bacterial cells at 37 °C. The magnetic
structures were then removed and 100 μL of the bacterial suspension
was distributed on a BHI agar plate at different dilutions (10‐1, 10‐2,
10‐3, 10‐4, 10‐5, 10‐6, 10‐7). Only 10‐3, 10‐5 and 10‐7 dilutions were
analyzed. The plates were further incubated at 37 °C for 24 h and bac-
teria viability was determined by counting the colony forming units.

The cells used for biocompatibility tests were mouse 3T3 fibroblast
(atcc) cultivated using standard methods, in 24-well flat bottomed
tissue culture plates of good optical quality. The final volume of tissue
culture medium in each well should be 0.1mL, and the medium
(DMEM) may contain up to 10% Fetal Bovine Serum to be at physio-
logical conditions. The MTT Cytotoxicity study was conducted in well
plates with 1× 104 3T3 cells in culture medium (100 μL). They were
incubated at 37 °C for cleavage of MTT to occur. Optimal times may
vary according to the assay, but four hours were found to be suitable for
the purposes of this work. At the end of this time, the MTT formazan
produced in wells containing live cells appeared as black, fuzzy crystals
on the bottom of the well. Cell medium was removed, and then cells
were washed with PBS and exposed to microrobots. After 2 days of
incubation, the supernatant was replaced by fresh media (100 μL) and
supplemented with CTO2 MTT. After 4 h of incubation, isopropanol
(100 μL) and HCl (0.04M) were added to each well and they were
mixed thoroughly by repeated pipetting. Finally, absorbance measure-
ments were conducted in a microtiter plate reader (Tecan Infinite 200
Pro) at 540 nm and a reference wavelength of 630 nm.

3. Results and discussion

3.1. Devices manufacturing and characterization

The devices manufactured in the present work were 3D printed
using stereolithography. This technique is suitable for the costless
realization of millimetric sized microrobots presenting complex shapes.
As a matter of fact, millimetric devices were successfully printed within
30min, thus highlighting the huge impact that 3D printing processes
have on decreasing the overall time of the microfabrication process
respect to time consuming standard lithographic-based technologies.
Moreover, printed microdevices were characterized by excellent phy-
sical integrity as well as a well-defined and reproducible architecture.
SEM and optical microscopy were employed to measure experimental
features in printed parts, which were compared with theoretical ones.
Deviations of more than 20 μm from the nominal dimensions were
never observed. Dimensions in the millimeter range were considered
because the target application, unlike most of the current literature on
microrobotics, is outside human body. The shape of the microdevices
was studied to improve their functional properties. Keeping in mind the
need of a cylindrical outer surface for rolling motion, the specific area
was increased by creating a series of protrusions (according to the
scheme showed in Figs. S1 and S2). Such protrusions were printed se-
parated one from the other (Fig. S1) to form plates or linked together to
form a spiral on the device (Fig. S2). Consequently, two different geo-
metries, namely PL (plates) and SP (spiral) were tested. The usage of
these two morphologies allowed the investigation of the effect of mi-
crodevice shape on the speed and actuability of the devices. In fact, the
fluidodynamic properties of the two device versions are different, re-
sulting in different behaviors according to the type of fluid in which
they are immersed. Fig. 1b depicts how a PL sample looks like after the
printing step. Fig. S6 describes the morphology of the 3D printed DL260
surface on a PL sample. Weight of as printed devices was found to be
15.5 ± 0.4mg for PL samples and 18.2 ± 0.3mg for SP samples.

After being printed, the devices were coated with functional layers
to provide magnetic actuation and photocathalytic/antimicrobial ac-
tivity. Fig. 1a describes the internal structure of the devices and the
sequence of the metallic layers applied on the surface of the 3D printed
resin. A first layer of pure copper was applied to the surface of the
devices by electroless deposition. The function of this first layer is to
provide electrical conductivity to the surface for subsequent electrolytic
deposition of the magnetic CoNiP layer. Fig. S3 shows a scheme of the
deposition process. The electroless step has already been described
elsewhere in detail [24]. Roughly, 400 nm of electroless copper were
deposited by immersing the devices in the electroless plating solution
and the resulting layer was found to be adherent and conductive en-
ough to allow electrodeposition of further layers. Fig. 2a shows the
morphology of the layer observed with SEM, while Fig. 1c depicts the
appearance of the samples after the first Cu layer.

The devices described in the present work were placed inside a
stainless steel basket (visible in Fig. 1c, d and e). Such container was
connected to a generator to provide current and immersed in an elec-
trolytic bath, as shown in Fig. S4. Periodically, the basket was shaken to
remove hydrogen bubbles and to change the contact zone of the sam-
ples to allow uniform deposition. The last step of the devices fabrication
comprised the electrolytic deposition of the different functional alloys
(Fig. S3). Barrel plating presents significant advantages with respect to
electroless deposition: a larger selection of materials can be plated, at
high plating rates and with less electrolyte management issues. The
main disadvantage with respect to electroless is the unequal thickness
of the plated layers on complex geometries, which is the result of in-
homogeneities in electric field distribution. Other techniques can be
used to provide electrical contact on small parts, but barrel allows
uniform deposition without leaving unplated regions. A direct contact
established on the surface of the parts would leave, for instance, small
zones deprived of plated metal. The application of barrel plating
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Fig. 1. Internal structure of the photoactive/antimicrobial devices (a); device appearance after 3D printing (b); devices placed in the barrel setup after electroless Cu
deposition (c); devices after CoNiP deposition (d); devices after Ag/TiO2 plating (e); final microrobots appearance (f).

Fig. 2. Morphology of the initial electroless Cu
layer employed to impart conductivity to the
3D printed surface (a), scale bar is 2 μm; mor-
phology of the CoNiP layer (b), scale bar is
2 μm; structure of a metallized SP sample (c),
scale bar is 400 μm; surface morphology of the
final Ag/TiO2 composite (d), scale bar is 4 μm;
VSM characterization of a PL sample coated
with CoNiP (e); AFM characterization of an
uncoated (f), Cu/CoNiP coated (g) and Cu/
CoNiP/Cu/Ag/TiO2 coated (h) device.
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requires, however, a careful control on metallization process, as this
technique is characterized by growing rates that are not linearly de-
pendent on the quantity of electrical charge provided to the surface of
the piece. Faraday law for electrolysis (Eq. 1) states that the quantity of
ions reduced is a function of their valence, their molar mass and of the
total quantity of electrons employed.

=m
Mq
ZF (1)

m is the total mass reduced, M is the molar mass of the metal being
deposited, q is the total electric charge used, Z is the valence of the ions
reduced and F is the Faraday constant. If cathodic efficiency is 100%, all
the charge is used to reduce the metal, otherwise parasitic hydrogen
evolution reactions are present. In the case of barrel plating, electrical
contact is not ideal (unlike in the case of rack plating) and for this
reason apparent deposition efficiency is lower. The reason for such non-
ideal electric conduction is the small contact area between the samples
and the basket, and between the samples themselves. Apparent de-
position efficiency varies as a function of the shape of the objects, the
number of objects inside the basket and the current employed. Eq. 2
describes the amount of metal deposited if cathodic efficiency (η) and
apparent barrel efficiency (ψ) are considered.

=m
Mq
ZF

η ψ (2)

By considering Eq. 2, it is obvious that the current provided to the
basket must be increased with respect to the nominal one prescribed for
rack plating to achieve the same growth rate (amount of deposited
metal m). An alternative approach to achieve a similar thickness than in
electrodeposition on planar substrates consists of increasing deposition
time. To calculate the value of ψ for the barrel system considered, dif-
ferent alloys were deposited on a planar substrate and the resulting
grow rate was compared with that obtained from barrel plating. A
thickness value measured on the flat round face of the device was
considered to avoid effect of geometry on current distribution. Such
value of apparent efficiency must be in general recalculated when
plating conditions are changed. In addition, the number of samples
present in the barrel plays a role on the efficiency of the metallization.
In particular, a load of 10 samples for each metallization batch was
considered. Table 1 reports the parameters calculated for CoNiP and
Ag/TiO2 plating.

The first functional layer deposited on the electroless copper was a
CoNiP coating. CoNiP is a semi-hard magnetic alloy that can be pre-
magnetized to allow rolling actuation of the devices. 5 μm of such
material were deposited on the copper by barrel deposition. To achieve
the desired thickness, deposition time was increased 4 times with re-
spect to a planar sample. Current was not modified, as the variation of
this parameter was found to alter the composition of the alloy, which is
optimized to achieve the maximum magnetic hardness [33]. Compo-
sition was determined by EDS: 3.08% wt. P, 84.75% wt. Co and 12.24%
wt. Ni. Fig. 2b depicts the appearance of the CoNiP coating when ob-
served via SEM. The typical nodular surface of an electrodeposited layer
is visible. Fig. 1d depicts the visual appearance of the samples after
CoNiP application.

One of the main disadvantages of using electrolytic deposition is the
unequal thickness distribution of the layer in different regions of the
device. Fig. S5 shows the thickness variation of the CoNiP coating in
some significant places of the microdevice. In particular, the CoNiP

thickness was evaluated on the edge of the blades, and at the bottom of
the space between the blades. These two regions, being characterized
by diametral opposite conformations, were expected to experience
significantly different electric field densities (resulting thus in different
final CoNiP thicknesses). A parameter called conformability, defined as
the ratio between the lowest (space between the blades) and highest
(edge of the blades) value of thickness recorded in the different parts of
the layer, can be calculated. Such parameter is indicative of plating
uniformity and it is close to 100% when the thickness is the same on the
entire sample. Electroless plating in most cases presents con-
formabilities close to 100%, as a chemical reaction is exploited to
perform deposition. Conversely, when an electric field is present, its
distribution is a function of the geometry of the piece. In some regions,
this results in decreased deposition rates. Conformability is not only a
function of geometry but also of the electrochemical reaction taking
place, e.g. of the alloy deposited. In the case of CoNiP deposition con-
formability was found to be 86%, which was sufficient for the magnetic
actuation of the device. In fact, the main variable that determines the
force applied on the device is the quantity of magnetic material and not
its distribution.

To evaluate actuability of the devices, magnetic properties of the
CoNiP layer were investigated using VSM. Fig. 2e depicts the result
obtained, where a clear semi-hard magnetic behavior can be observed.
The PAR direction refers to an orientation of the magnetic field parallel
to the axis of the device, while the PER direction refers to an orientation
of the magnetic field perpendicular to the axis. Values of coercivity
varied between 1107 Oe (PAR) and 915 Oe (PER). The two hysteresis
cycles observed are similar as a consequence of the shape of the device.
Being the sample cylindrical and full of surfaces variously oriented, the
grow direction of the CoNiP presents many possible orientations. For
this reason, magnetic anisotropy of the CoNiP layer [33] is compen-
sated by the presence of many CoNiP grow directions.

A thin copper flash was deposited as third layer between the CoNiP
layer and the silver composite. The only function of such coating is to
provide adhesion to the subsequent silver/titania layer. It was observed
that delamination occurs if the composite is directly plated on top of the
magnetic layer, as a consequence of possible passivation of CoNiP in the
slightly alkaline silver bath. Conversely, an adherent copper coating can
be easily obtained by depositing copper from a commercial acidic sul-
fate electrolyte. 400 nm of copper were therefore deposited on the de-
vices. Electroless deposition was not employed for deposition of the
flash layer, since the surface of the samples was conductive due to the
presence of the initial electroless Cu layer and the subsequent CoNiP
coating. Consequently, electrolytic Cu deposition was performed. This
technique presents higher grow rates with respect to electroless de-
position and a better surface finishing.

The fourth and final layer applied on the devices was the silver/
titania composite (Fig. 1e). Its SEM appearance is depicted in picture
2d, where titania particles are clearly visible inside the silver matrix.
Large nodules are visible in the figure, together with pores probably
connected to the presence of titania particle. The amount of code-
posited titania was evaluated by mean of EDS and it was found to be
4.7% wt. Conformity in this case was found to be 80%. In the case of
Ag/TiO2 deposition, current was increased 3 times to 30mA cm−2 to
compensate the barrel and time was kept constant with respect to the
planar sample. It was observed that the codeposition of titania was
determined by the real current density on the sample more than the
plating time. By increasing plating time instead of current, very low
titania codeposition was observed. Total current was therefore multi-
plied to compensate the measured ψ. Final weight of the devices after
metallization was found to be 34.6 ± 0.7mg for PL devices and
36.7 ± 0.2mg for SP devices.

Final SEM appearance of the samples is visible in Fig. S7 (PL) and S8
(SP). In Fig. 2c, the stepped shape of the blades in the case of a SP
sample can be observed. Such stepped surface is a result of the layer-by-
layer building of the structure during SLA 3D printing. It can be

Table 1
Barrell plating parameters to achieve a 5 μm thick deposit in the case of CoNiP
and a 6 μm thick in the case of Ag/TiO2 and comparison with planar samples.

Plating time (planar sample) Plating time (barrel) η ψ

CoNiP 40 min 160 min 0.42 0.25
Ag/TiO2 15min 45min ∼1 0.33
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observed that the metallic layer uniformly covers the surface of the
samples. Surface roughness and morphology were evaluated employing
AFM and laser profilometry. Analysis was limited to a 20× 20 μm to
limit the influence of roughness induced by the presence of printing
steps. As visible in Fig. 2f–h, surface roughness progressively increases
when new layers are added to the surface. This was expected, since non-
additivated electroplating solutions normally amplify initial substrate
roughness. Consequently, initial roughness plays a fundamental role in
determining final morphology. Values of Ra varies from 196 nm in the
case of the uncoated resin (Fig. 2f) to 265 nm for the CoNiP coated
(Fig. 2g) and 378 nm for the composite layer (Fig. 2h). The nodular
structure of the layer is visible also with AFM.

3.2. Photocatalytic activity

Devices functionality was verified performing separated tests for
photodegradation and antibacterial behavior. Fig. 3a and c depict the
photocatalytic activity of 3 devices placed in a Rh B solution with re-
spect to a reference solution without any microrobot. Fig. 3a reports the
data as ratio between the initial concentration C0 and the concentration
C at time t. Fig. 3c, on the contrary, reports the same data represented
using the logarithm of such ratio. Degradation of Rh B upon exposition
to UV light follows a linear trend in the logarithmic representation, as
confirmed previously [56,57]. This is indicative of a first order reaction
having a constant k around 1.75×10−4 min−1, as extrapolated by the
linear fitting of the data according to Eq. 3.

⎜ ⎟
⎛
⎝

⎞
⎠

= −ln C
C

kt
0 (3)

The behavior visible in Fig. 3c, with the devices presenting a pho-
todegradation path less linear than the blank solution, can be mainly
attributed to their cylindrical shape, which means unequal distribution
of light intensity on the surface (with some parts of the sample illu-
minated at considerably low angles). It is well known that an in-
homogeneous distribution of light intensity can lead to apparent

reaction orders higher than one [58]. Another possible factor influen-
cing linearity is the possibility of back reflections coming from the
bottom of the container. Such reflections hit the part of the devices that
is not directly illuminated by the UV lamp, resulting in uncontrolled
photocatalytic reaction of unknown order. If a first order approximation
is considered in the case of the devices, linear fitting of the data pre-
sented in Fig. 3c according to Eq. 3 leads to a value for k of
11.2×10−4 min−1. Such value is more than six times with respect to
the one measured without devices. Degradation speed of Rh B is
therefore considerably increased by the presence of the silver/titania
coated microrobots. Measured k is a function of the number of devices,
e.g. the area of active material exposed to UV light.

3.3. Antimicrobial activity

The antimicrobial activity of individual devices was assessed in
terms of percentage of bacteria left. In Fig. 3b, one can see that un-
coated 3D printed specimens were able to perform a limited biokilling
action with a 62% of bacteria still alive. The killing ability is probably a
consequence of unreacted residues from the resin that are released in
the environment. This observation is also supported by the fact that
uncoated 3D printed structures exhibit a low biocompatibility (Fig. 3d).
In contrast, silver/titania coated samples display a substantial bacteria
killing activity, with a 11% of the bacteria alive. This data demonstrates
a significant antibacterial activity of a single device. Note that anti-
bacterial effect is a function of the number of the devices used with
respect to the quantity of contaminated water and of the exposure time.
These two factors can be actively tuned to enhance the number of
bacteria killed. Total water disinfection (no bacteria left alive) is typi-
cally not possible, as demonstrated also by other approaches presented
in the literature [18].

Another advantage of silver with respect to other antibiotic agents is
its relatively low cytotoxicity towards mammalian cells [59]. Cyto-
toxicity of the devices was evaluated using fibroblasts. As anticipated
before, SLA resin is not biocompatible, resulting in a 0% cell viability.

Fig. 3. Photocatalytic behavior of the devices towards Rh B (a and c); biocidal activity of the devices towards gram negative Staphilococcus Aureus bacteria(b);
microrobots biocompatibility for mouse fibroblasts (d).
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CoNiP alloy is not biocompatible as well, with cell viability in the order
of 5.8%, while the Ag/TiO2 coated surface of the final devices shows
good levels of cell viability (94%). These data are visually depicted by
Fig. 3d.

3.4. Magnetic actuation

The magnetic mobility of silver/titania-coated devices mobility was
tested employing the Octomag magnetic manipulation system [54].
Fig. 4a illustrates the working principle of the rolling actuation [60].
The semi-hard magnetic CoNiP layer is premagnetized along a certain
direction and presents therefore a remanent magnetization M. If a
magnetic field H is applied to the device, the body aligns soM is parallel
to H. Eq. 4 describes the resulting torque acting on the device where V is
the volume of magnetic material, M is the material magnetization and B
is the field acting on the device.

=
→

×
→

T V M H (4)

If H continuously rotates around a well-defined axis, the final result
is a continuous rotation of the device around the same axis. In a way
similar to a wheel, this translates into a linear motion when the mi-
crorobot is placed on a surface. Direction of the device motion is always
perpendicular to the axis around which H rotates. If such rotation axis
of H is varied, the direction of the device can be easily controlled. In the
case showed in picture 4b, rotation axis was varied continuously of
360°, resulting in a circular motion of the microrobot. Conversely, the
speed of the device can be controlled varying H rotation frequency.
Hypothetically, if the device perfectly follows the external field, final
linear speed is given by Eq. 5, where 2πr is the circumference of the
cylindrical device and τ is the rotation frequency of the magnetic field
imposed.

=v πr τ2 (5)

Deviations from this equation are due to friction with the substrate
and to the influence of the fluid viscosity in which the device is im-
mersed. Fig. 4d, S9 and S10 clearly show the influence of fluid viscosity

on the performances of the devices (theoretical speed calculated ac-
cording to Eq. 4 is reported for comparison). When the viscosity of the
fluid is relatively low, such in the case of air and water, the samples
move at speeds comparable with the theoretical ones at all frequencies.
This is a consequence of their relatively large dimension and low speed,
which does not determine ultra-low Reynolds numbers. Reynold
number is defined by Eq. 6, where ρ is the volumetric mass of the de-
vice, v is the speed, d is the characteristic dimension of the microrobot
and μ is the dynamic viscosity of the fluid.

=Re
ρvd

μ (6)

If some realistic parameters are considered, resulting Reynolds
numbers are detailed in Table 2. Motion in oil (Fig. 4d) happens at
considerably low Reynold numbers (indicatively below 1). In such
conditions viscous forces start to become predominant over inertial
forces [61]. Therefore, fluid viscosity strongly determines the behavior
of the device in terms of speed and linearity of the motion. Another
effect of a highly viscous environment is the different behavior between
devices of different geometry: the PL and the SP samples. At high μ, if
geometry is changed, the effect is a different speed at all frequencies.
From Fig. 4d, one can see that SP samples move at lower speeds. This
effect is a consequence of a totally different fluid dynamic of the device.
Fig. 4c visually depicts this effect by moving at constant actuation time
two samples, SP and PL, in oil. PL sample moves faster, according to the
data presented in Fig. 4d. Geometry can therefore be used to limit or
enhance the speed of the device or to control the motion of the fluid
around the device itself (for example to better mix the fluid in close
proximity of the surface). Interestingly, for frequencies higher than

Fig. 4. Rolling actuation principle (a); Rolling actuation along a circular pattern (b); simultaneous actuation of two samples, SP and PL, in silicone oil (c); speed vs.
external field rotation frequency relationship for SP and PL samples in silicone oil (d).

Table 2
Re numbers calculated for d= 2.5mm, ρ=1300 Kg m−3 and v=10mm s-1.

Air Water Siliconic oil

Dynamic viscosity (Pa s at 20 °C) 1.846× 10−5 1.002× 10−3 1× 10−1

Re number 1760 32.4 0.32
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0.9 Hz, the speed of SP microdevices suddenly drops. This phenomenon
is similarly observed for helical micro- and nanoswimmers ABFs [62],
which exhibit decrease of their translational velocity if the frequency is
higher than the step-out frequency for a given rotating magnetic field.
When the rotation frequency of H field is over the step-out frequency, or
in other words, faster than the alignment of M with H, the device slows
down. The step-out frequency was not reached for the PL samples in the
range of frequencies employed. This observation highlights the effect of
device morphology on the step-out frequency, and also opens the pos-
sibility to control differently dissimilar magnetic microrobots. Fig. 4c
shows two types of microrobots successfully actuated together on a
linear path. Due to their different geometry, the samples can be ac-
tuated at different speed in a synchronous way using the same rotating
magnetic field. Finally, the possibility to overcome obstacles with the
microrobots was investigated. Fig. S11 reports the result of a test per-
formed on a PL sample: the device was actuated linearly over a glass
sheet (which was used as step). Increasing thicknesses of the glass sheet
were also tested in order to identify the maximum allowed height of the
obstacle. It was observed that the devices can overcome a glass step
with a thickness that is 50% of the diameter of the microrobot, equal to
the radius.

4. Conclusions

Microdevices combining photocatalytic and antibacterial properties
were obtained through a smart combination of costless 3D printing and
wet metallization techniques. The possibility to apply layers by elec-
trolytic deposition, following a first electroless metallization step to
impart conductivity to the surface, was demonstrated by applying dif-
ferent functional films on the devices by mean of a modified barrel
plating procedure. Such technique allowed the metallization of many
devices at the same time, resulting thus ideal for possible industrial
mass production. Obtained coatings were found to be less conformal
than their electroless counterparts. Nevertheless, they proved suitable
to optimally impart locomotion and water cleaning functionalities to
the microdevices. Water cleaning action was investigated for the mi-
crodevices produced and the results obtained showed evident photo-
catalytic and antimicrobial activity. Rhodamine B photodegradation by
UV radiation was found to be considerably enhanced by the presence of
the microdevices. On the other side, microdevices showed also a good
potential for the population control of gram negative bacteria belonging
to the Staphilococcus Aureus genre. The microrobots obtained in the
present work may find application in the water purification inside small
water reservoirs and canalizations, possibly with a scaled up magnetic
actuation setup. Moreover, the devices can be used for bacteria control
also in presence of mammal cells. This fact suggests a possible use also
in-vivo inside human body. In conclusion, they are attractive for ap-
plications requiring a combination of antimicrobial and photocatalytic
functionalities that must be carried out, also separately, in a highly
localized and precise way.
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