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a b s t r a c t

Hypothesis: Microscopic self-propelled motors (SPMs) are an area of active research, but very little inves-

tigation has been conducted on millimetre-scale or macroscopic SPMs and exploring their potential in

biomedical research. In this study, we tested if 3D reactive inkjet (RIJ) printing could be used for precise

fabrication of millimetre-scale self-propelled motors (SPMs) with well-defined shapes from regenerated

silk fibroin (RSF) by converting water soluble RSF (silk I) to insoluble silk fibroin (silk II). Secondly, we

compared the different propulsion behaviour of the SPMs to put forward the best geometry and propul-

sion mechanism for potential applications in enhancing the sensitivity of diffusion-rate limited biomed-

ical assays by inducing fluid flow.

Experiments: SPMs with four different geometric shapes and propelled by two different mechanisms

(catalysis and surface tension gradient) were fabricated by 3D RIJ printing and compared. For bubble

propulsion, the structures were selectively doped in specific regions with the enzyme catalase in order

to produce motion via bubble generation and detachment in hydrogen peroxide solutions. For surface

tension propulsion, PEG400-doped structures were propelled through surface tension gradients caused

by leaching of PEG400 surfactant in deionized water.

Findings: The results demonstrated the ability of 3D inkjet printing to fabricate SPMs with desired

propulsion mechanism and fine-tune the propulsion by precisely fabricating the different geometric

shapes. The resulting 3D structures were capable of generating motion without external actuation,

thereby enabling applications in biomedicine such as micro-stirring small fluid volumes to enhance bio-

logical assay sensitivity. The surface tension gradient caused by the leaching of surfactant led to faster

propulsion velocities with smooth deceleration, whereas, in comparison, catalysis-induced bubble

propulsion tended to be jerky and uneven in deceleration, and therefore less suitable for aforementioned
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applications. Computational fluid dynamic simulations were used to compare the various experimental

SPMs ability to enhance mixing when deployed within 96-well plate microwells, to reveal the effect of

both SPM shape and motion character on performance, and show viability for small scale mixing

applications.

� 2022 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Self-propulsion is the ability of an object or particle to generate

its own movement in a fluid medium by employing a variety of

physical and chemical propulsion mechanisms. Learning from the

naturally existing self-propelling systems, a wide variety of artifi-

cial self-propelled motors (SPMs) have been developed over the

past few decades for various applications [1–8]. While many

propulsion mechanisms rely on external energy utilised in the

form of temperature gradient, light, sound, magnetic and electric

fields, the others are instituted by the components contained

within the SPMs themselves [9–13].

One old and historically significant example of SPMs are the

surface tension driven camphor ‘boats’ [14,15]. First scientifically

documented in the 17th century, it took nearly two centuries to

fully understand that the phenomenon of self-propulsion of cam-

phor particles on water surface occurs due to the surface tension

gradient generated as the camphor dissolves [16]. This phe-

nomenon, called the Marangoni effect, occurs due to the different

parts of the fluid surface momentarily having different surface ten-

sions, thus resulting in a gradient in the stress force [17,18]. Within

such a gradient, matter on a fluid surface shows the tendency to

travel to regions of higher surface tension, causing self-

propulsion [18–22].

Chemical reactions with dissolved species at the surface of the

object undergoing propulsion provide another approach, that in

common with surface tension, doesn’t require derivation of energy

from the surroundings [23]. Chemical reactions can lead to a vari-

ety of interfacial phenomena that set the particles in motion [24].

Previous studies have investigated many different SPMs utilising

enzymes, catalysts, photocatalytic reactions and other non-

catalytic chemical reactions which are propelled by the interfacial

phenomena of self-diffusiophoresis, and self-electrophoresis [1–

4,25,26]. Another possibility for surface catalysis reactions with

gaseous products is that motion is generated via bubble production

at the surface of the SPM. This requires that the gas bubbles fre-

quently detach or rupture to yield thrust. A common example is

catalase induced decomposition of hydrogen peroxide into water

and oxygen, which can generate oxygen bubbles once the solu-

tion’s local oxygen solubility limit is exceeded, followed by bubble

rupture [5,27].

Self-propulsion is an active area of research in order to design

and manufacture artificial SPMs with desired characteristics and

controllability with their size ranging from a few nanometres to

a few centimetres [7,28,29]. Such custom-made SPMs find several

applications in biomedical research [30–32], such as diagnoses of

medical conditions with lab-on-a-chip devices [33], loading and

in vivo targeted delivery of therapeutics [34], cancer treatment

[35], and catalytic degradation of biologically dangerous chemicals

[4]. Observing the propulsion behaviour of SPMs in different fluids

can also help in determining unknown parameters, such as, viscos-

ity, surface tension and Marangoni force of a fluid [8,36]. Depend-

ing on the application, it is desirable to produce SPMs that undergo

specific propulsion behaviour, such as long linear trajectories for

payload transport or rotational trajectories for inducing fluid flow

in microwells [37,38]. Though prolonged rotational propulsion

have been achieved with centimetre-sized self-propelling motors

for different applications, such as generation of electrical energy

[39], the millimetre-sized and 3D inkjet-printed self-propelling

motors offer a better solution for not only conducting micro-

stirring in small well plates, but also achieving geometric complex-

ity and diversity for a better comparison of propulsion efficiency of

different motors. The focus in this study is on rotational motion for

micro-mixing or stirring of fluids in the microwells used in

biomedical assays for the potential enhancement of their sensitiv-

ity and finding out how different geometric shapes and propulsion

mechanisms alter the motion character and which is the best out of

the tested alternatives for use in inducing rapid and consistent

fluid flow in microwells.

As the existing SPMs are quite diverse, there is no single estab-

lished method for their fabrication [28]. However, for biomedical

applications, it is essential to use a material which is easily avail-

able, inexpensive, biocompatible, biodegradable, and allows easy

fabrication of the required SPMs [40]. Bombyx mori silk fibroin is

one such FDA-approved biomaterial that fulfils all these parame-

ters [41]. In the present study, millimetre-sized SPMs were fabri-

cated from regenerated silk fibroin (RSF) using 3D reactive inkjet

bioprinting. This approach made it simple to manufacture SPMs

in a variety of shapes and design configurations defined by

computer-aided design (CAD), thus allowing easier and more accu-

rate controllability on the desired motion during practical applica-

tions [27,42]. The use of inkjet printing for manufacturing micro-

stirring motors also opens the door for the highly versatile produc-

tion of SPMs from such materials as fibroin, which can not other-

wise be deposited or fabricated very neatly through other means.

In the present study, two physical propulsion mechanisms, one

induced by bubble production and burst and the other induced by

surface tension gradient, were applied and compared across all the

SPMs. The enzyme catalase and its substrate hydrogen peroxide

were used for driving the SPMs through catalytic reaction and pro-

duction of bubbles (henceforth called ‘‘bubble SPMs”). The surfac-

tant poly (ethylene glycol) (MW = 400) or PEG400, which is capable

of lowering surface tension, was used for driving the SPMs through

surface tension gradient or Marangoni effect (henceforth called

‘‘Marangoni SPMs”). The schematic illustration in Fig. 1 shows

the propulsion mechanism of bubble and Marangoni SPMs by tak-

ing the ‘‘1-arm” SPM from each as examples. In a bubble SPM, the

hydrogen peroxide present in the surrounding medium gets

decomposed into water and oxygen gas bubbles that eventually

burst and produce the thrust at the bulging site. In a Marangoni

SPM, the leaching of PEG400 occurs throughout the SPM body and

the bulging site.

Within both propulsion mechanisms, the SPMs were printed in

four different geometric shapes, as shown in Fig. 2, for comparing

the effect of geometry on the propulsion behaviour and trajecto-

ries. The length and width of the printed SPMs were approximately

1.25 � 0.3 mm for the main body as measured from the optical

micrographs using ImageJ. The main body of 1-arm and 2-arm

SPMs were straight lines. In 1-arm bubble SPM, the enzyme was

positioned on the side of one end. In 2-arm bubble SPM, the

enzyme was located on the alternate sides of the two ends. In 3-

arm and 4-arm bubble SPMs, the enzyme was positioned on the

same side of the ends of all the arms in order to give directionality

during propulsion. In Marangoni SPMs, the design was kept consis-
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tent and similar to the bubble SPMs to allow comparison of the

observed motion. Therefore, same geometry was used except that

the composition at the bulging regions or the ‘‘arms” was kept the

same as the rest of the body as there was no addition of any

enzyme. In addition, computational fluid dynamics simulations

based on the experimental data were performed to illustrate how

effective each geometry and mechanism would be at generating

fluid motion within a 96-well microwell. The motivation for this

assessment is to evaluate a possible application for these devices

to overcome current diffusive transport limitations observed in

biological assays [43].

2. Experimental methods

2.1. Materials

Bombyx mori silkworm cocoons were obtained from State Key

Laboratory of Silkworm Genome Biology and Biological Science

Research Centre, Southwest University, China. Catalase enzyme

derived from bovine liver, hydrogen peroxide, PEG400 and all other

chemicals were commercially obtained from Sigma Aldrich, unless

otherwise stated, and were of analytical grade.

2.2. Fabrication of SPMs by 3D inkjet printing

The regenerated silk fibroin (RSF) solution was prepared using a

previously described procedure [27]. The concentrations of RSF and

PEG400 in the fibroin ink (ink 1) were kept at 40 mg/mL and 15 mg/

mL, respectively. Additionally, for printing the catalytic arm sites of

the bubble SPMs, catalase (catalytic activity > 20,000 units/mg) at

5 mg/mL was mixed in fibroin ink to formulate catalytic fibroin ink

(ink 2). Coomassie brilliant blue (0.05 mg/mL) was mixed in

methanol to prepare the curing ink (ink 3). The contrasting blue

colour ensured better visibility of the SPMs during propulsion

and tracking. The three inks were loaded in three separate chan-

nels fitted with three separate jetting devices for printing. Each

channel was maintained at appropriate jetting parameters, such

as voltage and frequency, to ensure good and stable droplet forma-

tions. The inks were printed in the following different stages –

stage 1: printing of Ink 1 (main body); stage 2: printing of Ink 3

(curing ink); stage 3: printing of Ink 2 (catalytic ink for arm sites)

Fig. 1. Illustration of the two types of propulsion mechanisms analysed in this study. (a) Bubble propulsion, which is a physical mechanism caused by the thrust produced

from the bursting oxygen bubbles. It shows the catalytic breakdown of hydrogen peroxide into water and oxygen by catalase embedded in the SPM’s scaffold at desired

location (shown in red). (b) Surface tension driven propulsion, also known as Marangoni effect, originating from the concentration gradient caused by the continuous leaching

of a surface-active agent, which, in this case, is PEG400. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

Fig. 2. Computer generated illustration of the four geometrical designs of the catalytically driven and surface tension driven SPMs as observed through the Microsoft Excel

spreadsheet graph plots. The blue and red colours represent the main body and the catalase positions of the bubble SPMs named as (a) 1-arm, (b) 2-arm, (c) 3-arm, and (d) 4-

arm. In the Marangoni SPMs, the whole body of SPMs is uniform in composition and named similarly as (e) 1-arm, (f) 2-arm, (g) 3-arm, and (h) 4-arm. The design of the

bulging regions or arms at the tip of the SPM bodies also provides asymmetry to the mass distribution, thus favouring rotational motion. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)
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or Ink 1 (Marangoni SPMs); stage 4: printing of Ink 3 (curing ink);

stage 5: repeat Stages 1–4 as required for the desired number of

layers (e.g., 100).

2.3. Characterization of SPMs

The SPMs were characterized using optical microscopy and

scanning electron microscopy (SEM). For acquiring optical micro-

graphs, freshly fabricated SPMs were imaged. For SEM, images

were taken separately with both unused (pre-propulsion) and used

(post-propulsion) SPM samples. Unused and used SPMs were

removed from the silicon wafer and from the propulsion medium,

respectively, and carefully placed onto 10 mm wide carbon sticky

pads mounted on aluminium SEM stubs. The samples were then

dried in a drying oven for 10 min at 60 �C. The stubs with dried

samples were loaded onto the sputter coater stage and 50–

100 nm of gold was sputter coated onto the samples using argon

plasma at 0.05 Torrs, thus ensuring a homogeneous gold coating

on the sample SPM surface. Afterwards, the stubs with gold-

coated samples were loaded into the SEM (Inspect F, FEI) and

imaged at 5.0 kV.

2.4. SPM propulsion

The SPMs were propelled under room temperature (�20 �C) at

the air/water interface. All the experiments were carried out with

the well-plates and Petri dishes kept in a thermally-insulated

transparent plastic box inside which the ambient temperature

was continually monitored and kept constant. For bubble SPM

propulsion, the silicon wafer slide with imprinted SPMs was

dipped in water for a few minutes to remove the SPMs off the

wafer surface and to wash away PEG400. A glass Petri dish was

rinsed with deionised water, wiped clean, and filled with 10 mL

of 5 % w/v H2O2 solution. A washed SPM was then picked up care-

fully on the tip of a syringe needle and placed on H2O2 solution in

the centre of the Petri dish. Eventually, the catalase in the SPM

instantly started to catalyse the breakdown of hydrogen peroxide

into water and oxygen, causing bubble formation around the arm

part of the SPM. The bursting of oxygen bubbles provided force

to the SPM which started propelling with circular or rotating

motion. The Marangoni SPMs, on the other hand, were taken off

the silicon wafer directly with the help of a sharp needle and

placed on the surface of deionised water for carrying out the sur-

face tension driven propulsion. The 12-well plate with 23 mm well

diameter was selected for propelling Marangoni SPMs to ensure

their localization within the camera frame. In case of bubble SPMs,

90 mm Petri dish was chosen to make sure that enough H2O2 was

present so that it didn’t become a reaction-rate limiting factor.

Additionally, as bubble SPM propulsion was much slower than

Marangoni SPM propulsion, no bubble SPM propelled out of the

video frame.

2.5. Propulsion data acquisition

The bottom of the Petri dish or 12-well plate was lit up with a

cool-white LED light-source (AGPtek Lightpad) and a high speed

PixeLinkTM CCD colour camera (model: PL-D732CU-T), fitted with

NavitarTM macro zoom lens (1–60135 zoom tube lens with 1–

6010 camera coupler attachment), was used to capture and record

the SPM propulsions, which were saved as AVI files. A total of

12,000 frames were captured per video per SPM at the rate of

100 frames per second, giving a total length of 120 s per video.

After recording, ImageJ was used to generate image sequence from

the video frames for all the SPMs.

2.6. Tracking & trajectory analysis

Automatic tracking was done by importing the video of a pro-

pelling SPM into an in-house built LabVIEW tracking programme

[5]. In this programme, the coordinates of each SPM were tracked

at its two ends frame-by-frame by calculating the linear displace-

ment of the tracking points between two consecutive frames. The

programme then analysed the tracking data, yielding the mean

instantaneous velocities of both ends of the SPMs. The tracking

programme calculated instantaneous velocities in each frame by

locating an SPM’s spatial positions in two consecutive frames, then

calculating the SPM’s spatial displacement between the frames,

and then dividing the displacement by the time difference between

the two frames (frame rate). In brief, the instantaneous velocity

was calculated as SPM displacement divided by the time taken

for displacement between two consecutive video frames. The val-

ues obtained for each frame were then used for determining the

velocity decay of SPMs over time. After tracking was finished, the

data was automatically compiled and exported in a Microsoft Excel

file.

For tracking the motion of the SPMs, two extreme points, as

indicated by green ‘X’ symbol in Fig. 3, were manually selected

on each SPM after importing their propulsion videos in the Lab-

VIEW tracking software. These points continuously tracked the

SPM displacement frame-by-frame and traced the overall path as

red and green lines as seen in the time-lapse images in Figs. 6

and 7. The linear displacement shown in purple arrow helped in

automated calculation of the instantaneous velocity by dividing

the displacement by time taken between two frames. The change

in angle of orientation / over time was measured to obtain data

on rotations per minute.

2.7. RPM counter

An in-house built LabVIEW programme was used to accurately

count the number of rotations and calculate RPM. The programme

imported and read the Excel files consisting of the instantaneous

angles of orientation obtained from the tracking data and then cal-

culated the RPM by counting the repeats, or the peaks / valleys as

seen in a graphical data, in the angle of orientation of the SPMs. The

rate of change of RPM was calculated by finding the times taken by

angles of orientation to complete the consecutive cycles of 360�

Fig. 3. Schematic representation of SPM tracking over two consecutive frames. ‘A’

and ‘B’ indicate tracking points and C indicates the centre of mass. The symbol /

indicates the angle of orientation. SPM trajectory direction is indicated by the

curved black arrow.
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and then plotting the obtained values over the 120 s of observation

time period.

2.8. Simulation

Computational Fluid Dynamics (CFD) simulations of the exper-

imental SPM’s ability to induce fluid flow in 96-well plate microw-

ells were performed using COMSOL (Comsol Inc.) software. The

SPMs were simulated while rotating in the centre of a water filled

well (diameter = 5 mm, depth = 11 mm) at 20 �C with a constant

rotational rate that matched the mean experimentally observed

RPM values. The SPM dimensions matched the experimental sizes,

with geometry simplified to smooth sided 3D shapes. All the liq-

uid–solid boundaries were assumed to be non-slip, and the top

surface was modelled as an air–water interface. The system was

found to be laminar, based on calculating the relevant mixing Rey-

nolds number, and therefore, simulation was performed excluding

turbulence. Frozen SPM solutions are presented in the results,

which show the predicted steady state behaviour for the system

under these conditions. Time resolved simulations were also per-

formed, which showed consistency with the output from the fro-

zen SPM solutions, and did not reveal a significant dependency

on the ‘‘ramp-up” profiles of the rotary motion. Note that these

simulations only consider the flows induced by the rotating SPMs,

they do not consider any additional flow effects that the propulsion

mechanisms themselves may introduce, for example bubble SPMs

may be expected to produce additional perturbations as gas bub-

bles are released from their surface.

2.9. Statistics

The instantaneous velocities and angular or rotational angles

(U) of the propelling SPMs were generated once every 0.01 s,

which was the time gap between two consecutive video frames.

This gave a total of 12,000 data points for instantaneous velocity

and angular position for a 120 s long video. These instantaneous

velocities and angular positions or angles of orientation (U) were

then plotted against time (t) to generate the instantaneous velocity

decay curve and angular velocity decay curve of each SPM. Next,

the change in angular orientation (dU) between two consecutive

video frames was plotted against the change in time (dt) between

two consecutive video frames. This generated the graph showing

rate of change of angular velocity or RPM (deceleration or acceler-

ation) of each SPM. All the graphs were plotted in OriginTM.

3. Results

The optical micrographs of freshly printed bubble and Maran-

goni SPMs are shown in Fig. 4. In the bubble SPMs, the rectangular

red regions show the bulging region or arm where fibroin is doped

with catalase. In the Marangoni SPMs, the rectangular red region

shows the bulging region or arm which ensures that the design

of SPMs remains consistent and asymmetrical across the bubble

and Marangoni propulsions. Several satellite droplets are also seen

deposited around the SPMs which do not remain after the SPMs are

removed from the silicon wafer substrate.

High magnification images of the SPMs were obtained using

SEM to analyse the topography of bubble and Marangoni SPMs

both before and after their propulsion. As evident in Fig. 5 (a–b),

the bulging region or arm of the bubble SPM showed smooth tex-

ture before propulsion and a rough and punctured texture after

propulsion. The punctures indicate the site of catalytic reaction

and oxygen bubble formation. On the other hand, the bulging

region or arm of the Marangoni SPMs showed visibly smooth tex-

ture both before and after propulsion as shown in Fig. 5 (c–d). This

is because of the smooth and continuous leaching of PEG400 mole-

cules which are significantly smaller than the oxygen bubble pro-

duced vigorously at certain weak points on the bubble SPM

surface.

Selected video frames from the propulsion of bubble and Mar-

angoni SPMs are shown in Figs. 6 and 7. Each bubble SPM produced

consistent rotation, showing that the location of the enzyme

patches has achieved the desired effect for each design. The bubble

SPMs were not, however, showing pure rotations, and also made

some translations over the period of observation, moving around

1 cm from their initial position. The overall bubble SPM trajectories

are angular for all four geometric shapes and show jerky motion.

Considering the Marangoni SPMs, the 1- and 2- arm SPMs have

striking trajectories, producing smooth, larger radius circles com-

pared to the bubble SPMs. The 1-arm SPM clearly interacted with

the container boundary, causing the circling trajectory to follow

the edge of the container. Overall, much larger translations

occurred than those for the bubble SPM (around 10 cm travelled

in the same time period). The 2-arm SPM largely moved within

the centre of the container, but occasionally reached the edge,

and also showed more variability in the radius of the circling beha-

viour. In contrast, the 3- and 4- arm SPMs were somewhat harder

to categorise, but shared features of wide radius circling, as well as

Fig. 4. Optical micrographs of freshly fabricated bubble SPMs with catalytically active (a) 1-arm, (b) 2-arm, (c) 3-arm, and (d) 4-arm regions shown in red box. Optical

micrographs of freshly fabricated Marangoni SPMs with (e) 1-arm, (f) 2-arm, (g) 3-arm, and (h) 4-arm regions shown in red box. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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interactions with the boundary that occasionally led to fleeting

almost linear motion, and some edge following. In practice, over

the observation of many Marangoni SPMs of each design, similar

features were seen, but with a high degree of variability, so that

the overall behaviour is best described as variable radius circling,

with appreciable translations also occurring and evidence of inter-

action with the container boundaries. In order to systematise the

differences between the designs and mechanisms, quantitative

analysis is required. A simple metric is the instantaneous velocity

(vinst), which will reflect both the rotational and translational

motion magnitude, and allows comparison and temporal analysis.

Fig. 8 compares the instantaneous velocity decays of one represen-

tative SPM belonging to each of the four geometric shapes and each

of the two propulsion mechanisms. All four bubble SPMs showed

similar behaviour, with fluctuations, but a clear trend of reducing

velocity with residual motion still occurring at the end of the track-

ing period. In contrast, the Marangoni SPMs showed smoother, but

still decaying trends in instantaneous velocity. Despite the magni-

tude of instantaneous velocity produced by the Marangoni SPMs

starting at a factor of 10 higher than for the bubble SPMs, by the

end of the observation period, the Marangoni SPM speed had

decayed to a similar, or, in some examples, lower values compared

to the bubble equivalents.

Instantaneous velocity provides an overall comparison of

motion producing ability, however, as we are interested in rotary

motion, considering the rate of change of orientation with time is

also instructive as shown in Fig. 9. With bubble propulsion, the

3- and 4- arm SPMs showed relatively more periodic propulsion

in comparison to the 1- and 2- arm SPMs as shown in Fig. 9 (a).

This could be due to the higher number of catalase-doped sites

in 3- and 4- arm SPMs ensuring that more bubbles were regularly

formed and available for propelling the SPM, leading to fewer peri-

ods of rest when no bubble burst. The high temporal resolution

graph for the orientation changes of the 1-arm bubble SPM clearly

shows that motion is proceeding via angle jumps then rests which

is typical of bubble propulsion as shown in Fig. 9 (c). It is clearly

evident that the Marangoni SPMs undergo a rapid change in angle

of orientation which is several times faster than that of the bubble

SPMs as shown in Fig. 9 (b). In contrast, the high temporal resolu-

tion data for the equivalent 1-arm Marangoni propulsion SPM

shows very smooth, continuous rotation, reflecting the quite differ-

ent propulsion mechanism as shown in Fig. 9 (d). The 1- and 2-

arm SPMs showed longer sustained rapid rotation in comparison

to the 3- and 4- arm SPMs. This could be attributed to the more

rapid release of surface tension lowering agent as the number of

arms increase leading to more rapid loss of the required motion

producing gradient.

As another comparator, the mean RPM of each type of SPM for

both propulsion mechanisms, calculated from the angle of orienta-

tion data is shown in Fig. 10 (a). Overall, the RPMs of Marangoni

SPMs were found to be around 10-times more than those of the

bubble SPMs. Within Marangoni propulsion, the 1- and 2- arm

SPMs showed much higher RPM averaged throughout the 120 s

of observation time compared to the 3- and 4- arm ones, as dis-

cussed above. The different bubble SPMs showed similar mean

RPM values.

From the data on angle of orientation and mean RPM, it is diffi-

cult to decipher whether the RPM of the SPMs decelerated evenly

or showed high degree of fluctuations throughout the observation

period of 120 s. Accordingly, the rate of change of RPM of represen-

tative SPMs were also plotted against time as shown in Fig. 10 (b).

Similar to the data in angle of orientation and mean RPM, the Mar-

angoni SPMs showed around 10-times higher degree of fluctuation

in the rate of change or deceleration of RPM. However, the 1-arm

Marangoni SPM showed the least fluctuation as observed in its

amplitude. In summary, both SPM types produce rotations, as

intended by their design, however the resulting trajectories, veloc-

ities and rotational behaviour differ considerably, showing that

mechanism plays a major role in determining the behaviour.

Following this comprehensive analysis of the experimental

behaviour, the potential to exploit these SPMs to enhance mixing

in smaller fluid volumes is also assessed. Attempts to measure

the mixing efficiency of current SPMs in smaller sized containers

is challenging due to them sticking to container walls. However,

envisaging that this issue can be overcome, we instead consider

possible stirring effects using computational fluid dynamics

(CFD) simulations. One impactful application for SPMs would be

to increase mass transport in medical diagnosis assays [43], which

Fig. 5. (a – b) SEM images of the main body and catalase arm part of a bubble SPM before (a) and after (b) exposure to 5% w/v H2O2 fuel solution. Pores can be clearly seen on

the arm surface in the SEM images of the SPMs originating from the oxygen bubble release. Images on the right are enlargements of the red boxed regions. (c – d) SEM images

of the main body and arm of a Marangoni SPM before (c) and after (d) exposure to DI water. No significant differences are observed in the morphology or surface features

between the pre-propulsion and post-propulsion images. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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can be limited by the diffusion rate of analytes to surface bound

detection chemistry. Consequently, given the ubiquity of 96 well

plates in diagnostics, we have simulated the fluid velocity and

streamlines for each SPM studied here rotating within this geome-

try. Fig. 11 shows a comparison of the results for the bubble SPMs.

It is clear that each SPM perturbs the fluid and, reflecting the sim-

ilar RPM values, the maximum fluid flow velocities induced are

similar for the 1–3 arm SPMs, with a slight reduction seen for

the 4-arm SPM. When considering the 2D flow velocity profiles,

it is clear that the 3-arm SPM produces the most extensive pertur-

bations to the fluid, both in the XY and XZ planes. The ability to

rotate this 3 ‘‘armed” SPM without a reduction in RPM compared

to 1 and 2 arm designs consequently maximises fluid velocity

within the microwell. The streamlines provide additional insights:

as the number of arms in the SPM geometry increases, streamlines

increasingly indicate rotary motion occurring around the central

axis of the well, and extending to the lower surface (11 mm below

the SPM). For SPMs with fewer ‘‘arms” the extension of the mixing

effect throughout the well is reduced, and the tendency for fluid

rotations that are perpendicular to the central axis of the well

are also seen. Fig. 12 shows the simulations for Marangoni SPMs:

the maximum fluid velocity is higher (1.6 cm/s compared to

0.25 cm/s for bubble SPMs) reflecting the higher RPM achievable

for Marangoni SPMs. Congruence with the bubble SPM simulations

is shown when considering the streamlines, with 3- and 4- arm

SPMs encouraging rotation about the microwell axis, extending

throughout the fluid volume. However, the drop in RPM for 3-

and 4- arm SPMs is also apparent in the reduced magnitude and

extent of fluid velocity increases induced by these SPMs. Conse-

quently, utilising the 3- and 4- arm geometries which are efficient

at stirring sacrifices some of the Marangoni effect’s potential to

generate large fluid velocities. Despite this, the fluid velocities

induced by these 3- and 4- arm Marangoni SPMs remain approxi-

mately double that of the equivalent bubble SPMs.

4. Discussion

During propulsion, all SPM positions remained parallel to the

fluid surface and as the SPMs were large and millimetre-scale, their

Fig. 6. Representative video frames of bubble SPMs propelling in 5% H2O2 fuel solution showing the trajectory over time at selected timestamps up to 120 s. (a) 1-arm, (b) 2-

arm, (c) 3-arm, and (d) 4-arm.
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Fig. 7. Representative video frames of Marangoni SPMs propelling in DI-water showing the trajectory over time at selected timestamps up to 120 s. (a) 1-arm, (b) 2-arm, (c)

3-arm, and (d) 4-arm.

Fig. 8. Instantaneous velocity deceleration, as measured at one of the two ends of a representative SPM, plotted for the four bubble SPMs and the four Marangoni SPMs.
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propulsion was not affected by Brownian motion, which otherwise

affects the propulsion of nano- and micron- scale particles.

Comparing propulsion mechanisms, in bubble SPMs, the bul-

ging regions or arms contained the enzyme catalase causing the

catalytic decomposition of hydrogen peroxide and oxygen bubble

production in these regions. The bubbles, on bursting, created a

thrust and pushed the SPMs in the opposite direction leading to

propulsion. Additionally, the PEG400 made the SPM structure more

porous after getting washed out, allowing easier interaction of

catalase and H2O2 and bursting of bubbles [5]. In Marangoni SPMs

a PEG400 concentration gradient caused surface tension gradient

driven propulsion. As previous studies have shown, in the self-

propelling systems at a fluid interface, there can be two mecha-

nisms, concentration and thermal Marangoni flows, which deter-

mine the net displacement of the motors [44,45]. However,

uncovering and segregating the two mechanisms at this level of

detail was not part of the remit of this study. As the self-

propelling motor system is at millimetre scale, and each self-

propelling motor was placed in a Petri dish with 10 mL water,

we don’t expect a noticeable thermal effect. Therefore, it is not a

crucial issue that would alter any of the conclusions or change

the novel and impactful elements of our report. However, a full

mechanistic study could well form the basis for a future study.

The bulging end of arms of SPMs was kept the same for both the

propulsion mechanisms and were designed to provide an asymme-

try in shape with an intent to cause rotation as the primary form of

propulsion when the SPMs were pushed by either bubbles or sur-

face tension gradient. Each propulsion mechanism exploited differ-

ent features of the uneven mass distribution. For bubble SPMs, the

driven rotations reflected the localisation of the ‘‘arms”, arranged

on the same side of each arm to statistically deliver cooperative

bubble release thrust encouraging rotation. Whereas for Maran-

goni SPM the bulges broke the otherwise symmetrical opportunity

for PEG400 leaching, also resulting in consistent rotary motion. It is

possible that spontaneous symmetry breaking would allow purely

symmetrical designs to undergo similar behaviour in the case of

Marangoni SPM, while it is likely that symmetrical bubble SPM

designs would not display consistent rotations as bubble release

from either side of each arm would remain equally likely.

For bubble SPMs, bubbling was not smooth and caused uneven

periods of rest and motion throughout the propulsion. The irregu-

lar pattern of bursting of bubbles also posed a problem in providing

Fig. 9. Angle of orientation of representative (a) bubble SPMs and (b)Marangoni SPMs over the propulsion period of 120 s. The first 10 s of propulsion data in one graph each

from (a) and (b) are selected (red bracket with arrow) and magnified in (c) and (d), respectively (red arrows). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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accuracy in predicting the motion. In Marangoni SPMs the contin-

uous release of PEG400 and time invariant mechanism resulted in

smoother motion and deceleration. Though around 10-times

slower, instantaneous velocities were measured at same time

intervals, the propulsions of bubble SPMs lasted as long as those

of the Marangoni SPMs, and also surpassed the case of 3-arm and

4-arm SPMs after the 40–50 s mark. This was because the decom-

position of hydrogen peroxide by catalase is a first-order reaction

with respect to either of the reactants and is affected only by the

concentration of hydrogen peroxide, which is slow to deplete given

the relatively small reactive areas on the devices. From the image

sequence of the video frames, it is clear that the spatial extent of

the fluid interface explored over time was much larger in all Mar-

angoni SPMs in comparison to their bubble counterparts.

Considering the overall performance for each shape, the 1-arm

surface tension driven Marangoni SPM showed the most pre-

dictable and consistent propulsion throughout the observation

period. However, in the CFD simulations for mixing, the general

trend was found to be in favour of the higher number of arms as

they caused agitation throughout the fluid volume as traced and

presented by the fluid flow streamlines. Combining the experimen-

tal and simulation results thus presented an interesting observa-

tion and necessitates a choice of SPM to reflect the specific

application and its requirement, that is, slow and steady agitation

over longer time periods versus quick and vigorous agitation. How-

ever, Marangoni SPMs do appear to have several key advantages

for micro-stirring including faster propulsion velocities, smoother

velocity decay, and usability in virtually any neutral fluid medium

with a compatible surface tension that can be lowered by additive

release. Unpredictable and slower motion and the limitation in

fluid choice in bubble propulsion appear as drawbacks for bubble

SPMs, although partially offset by the potential for longer lasting

rotations. Bubble SPM longevity may be further improved from

that reported here with additional refinement of the enzyme

attachment strategies and operation in buffered, pH-controlled

solutions at biological temperatures, which may be appropriate

for some applications.

5. Conclusion

In this study, two propulsion mechanisms were compared in

four geometric shapes of millimetre-scale self-propelled motors

fabricated from silk fibroin using 3D inkjet printing technology.

Up to 120 s of propulsion and tracking data were obtained for each

sample. The data were obtained from the mean of values of 5 sam-

ples for each type of SPM, whereas, instantaneous velocity decay

over time and angular velocity or RPM fluctuation and deceleration

over time were shown for one representative SPM from each sam-

ple type. The results obtained in this study reveals that the surface

tension driven propulsion of SPMs with simple geometry showed

smooth deceleration and sustained propulsion for extended peri-

ods of time and it is, therefore, most suitable for potential micro-

Fig. 10. (a) Mean RPM of five samples each of bubble and Marangoni SPMs with standard deviations. (b) Fluctuation in RPM of bubble and Marangoni SPMs over 120 s of

observation time period. One representative sample from each of the four geometries is shown here.
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stirring applications in biomedical assays. Additionally, surface

tension driven particles can be applied in almost any fluid media

as long as the leaching surface active agent is chemically neutral

to the fluid.

Even though nano and micro scale self-propelled motors or par-

ticles have been extensively studied, very little research has been

conducted on macroscopic millimetre-sized SPMs [29]. Our study

is thus an important addition to the field of SPM research and

explores the potential applications, such as enhancement of

biomedical assay sensitivity, especially those ones where slow-

diffusing analytes are dominant causing their scarcity near the

assay reaction surfaces [43]. In the future, our study can be

Fig. 11. Simulated steady state flow velocity and streamlines for 1–4 arm bubble SPMs (left to right) in a 96 plate microwell (5 mm diameter � 11 mm depth) rotating at the

experimentally observed mean RPM. Top images: 3D streamline plot superimposed with XY velocity at well top and bottom.Middle images: 2D XY velocity profile at surface

of microwell. Lower images: 2D XZ velocity profile aligned with SPM arm orientation.

Fig. 12. Simulated steady state flow velocity and streamlines for 1–4 armMarangoni SPMs (Left to right) in a 96 plate microwell (5 mm diameter � 11 mm depth) rotating at

the experimentally observed mean RPM. Top images: 3D streamline plot superimposed with XY velocity at well top and bottom. Middle images: 2D XY velocity profile at

surface of microwell. Lower images: 2D XZ velocity profile aligned with SPM arm orientation.
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repeated with such analytes to establish the importance of SPMs in

such cases. Our research can thus lay the foundation for work on

macroscopic SPMs so that their applications can increasingly be

brought out of the lab towards applications.
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