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ABSTRACT: Herein, we describe the development of 2D self-he S
small-scale swimmers capable of autonomous propulsion-toed
y” structural recovery in large containers. Incorporation of ma
Nd,Fg B microparticles in specialized printed strips results in
reorientation and reattachment of the moving tail to its complem
broken static piece to restore the original swimmer structur
propulsion behavior. The swimsalisplay functional recove
independent of user input. Measurements of the magnetic hysteres
and elds were used to assess the behavior of the healing mecha
real swimming situations. Damage position and multiple magneti¢:st
patterns have been examined and theiemte upon the recover
e ciency has been compared. Owing to its versatility, fast respon
simplicity the new self-healing strategy represents an important step
toward the development of néan-the-y’ repairing strategies for
small-scale swimmers and robots.
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If-healing is an essential property of living organisms ahdaling electrostatic (HASEL) actuators which can easily
major challenge for adial systems; thus, the regain their actuation performance even after 50 dielectric

development of ective repair strategies is of tremendousbreakdown cyclé$. The dielectric prevents permanent
interest. Recently, small- and microscale robots have betamage through dielectric breakdown but comes at the price
developed toward a broad range of applications, ranging fr@h diminished performance. Another self-healing strategy
environmental and security remediation, sensing or biomedigalizes a robotic gripper based on the thermoreversible
drug-delivery, and surgérylt is envisioned that these tiny Diels Alder reaction to close cracks and punctures; yet, it is
machines are released into harsh environments where multigé# autonomous and requires the application of an external
hazards can lead to structural damage, resulting in catastrogffi¢ulus (temperature) over extended periods (minutes to
failure and cessation of the motion and operation. Traditionghysy'° Smaller scale robotic systems utilized magnetic
rigid, metal-based robots are composed of an array pjeractions to assemble robots into various shapes with a high
replaceable parts and do notesuthe limitations of softer degree of contrdf. '’ However, these strategies require
polymeric or hydrogel actuators. The latter are vulnerable {gensjve human involvement, with continuous manipulation
damagge lt;ecau_se of low tear strength and propensity for cragkyitiple magnetic coils andidic channelows, are not
growth. Optimal seIf—heallng strategies require recomb'”ae‘xplicitly for self-healing, and are only concerned with
tion to occur autonomously without user input or add't'onzissembly on very small length scales. Strategies involving

external triggers, which is in contradiction with tradition hemical bonding and capsule-based systems areezasily a

temperature  or light-based chgmical healing approachg "ambient conditions, limiting the healing behavior in a single
Addltlonally,_damagg can occurin the same pIac_e_ more thgy and making them not suitable for healing in harsh
once, requiring healing strategies for such repetitive dam ironment&

under the dynamically changing conditions encountered wi

motile robots. _
One current self-healing strategy features a soft electroffigceived: December 28, 2020

skin that can sustain large mechanical deformation due to thgvised: February 12, 2021

formation of liquid metal frameworks within a siliconePublished: February 22, 2021

elastomer, but once the material is damaged and depleted,

there is no way to recombin&®iMore closely resembling an

appendage, Acome et al. designed hydraulicallyedrsplf-
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Figure 1. Autonomouson-the-y” self-healing of a magnetic based SHS. (A) Fabrication process of a SHS. (B) Diagram of a swimmer propelling
in solution, experiencing extensive damage, and self-healing based on magnetic attraction. (C) Time-lapse images of a damaged swimmer he
over the course of 1.6 s. taken frideo S1(D) Image of a pristine SHS on a dry surface. (E) Image of a swimmer damaged at the tail. (F) Image

of the healed swimmer. (G) Images of a SHS damaged into three distinct pieces: head, (H), body (B), and tail (T). (H) Image of the healed tail
and body. (I) Image of the completely healed swimmer. TakeKRiffems S1(J) Image of a healed swimmer suspended vertically while
maintaining its integrity.

Herein, we present an autononfursthe-y’ recombina-  motion is shown here to greatly facilitate healing at large
tion approach for small-scale chemically powered swimmelistances as it brings the separated parts closer. The
utilizing micro- and nanotechnology methods featuring thiacorporation of strongly magnetic,M&,B microparticles
embedding of micro- and nanoparticles in a variety of polymhas been reported as aredive strategy to heal printed
layers. Our swimmers are autonomously propelled, higbtectronic devicés. The self-healing magnetic layer is
lighting their unique ability to repair while in motion withoutincorporated in the form of a strip, or several strips, within
aid from human operators. Movement is achieved by thtde main body of the catalytic swimmer. In this work we
catalytic decomposition of a peroxide fuel at the catalytiavestigate the importance of the alignment of the magnetic
platinum (Pt) surface that generates an oxygen bubblgarticles responsible for recombination of damaged pieces,
thrust:® ** Due to the asymmetrical nature of our swimmerassess the behavior of the swimmers before and after healing,
we see a mixture of linear and rotational motion which aids Bihd evaluate the healingsgncy of dierent magnetic healing
covering a large area and aids in recombination. The selfrip designs and @rent cut positions with the goal of
healing swimmer (SHS) utilizes strong magnetic interactiogstablishing some design parameters and evaluating the

to recover its swimming function. The built-in magnetic torqugracticality of such a magnetic based self-healing strategy.
aligns and attracts the damaged pieces without user input or

additional external triggers. Magnetic properties are attractive RESULTS

for such healing behavior as they are not readily inhibited by

environmental conditions. While magnetic self-healing strat-Fabrication and Operation of SHSs.The fabrication
egies using iron-oxide particles have been developed befefecess is presentedrigure A. The main structure of the
they have not been applied to robotics or as a standalone s&IS features 3 layers: the conductive bottom layer, the rigid
healing mechanism but usually have been applied &nd hydrophobic middle layer and the top magnetic layer.
connection to hydrogel or polymeric healing matéfials. Detailed information regarding the fabrication process is
Our goal is to introduce autonomous self-healing capabilitipgovided in theSupporting InformationAfter fabrication

to small-scale untethered self-propelled robots and to shadd release from the substrate, the SHSs are endowed with a
useful insights on how autonomous self-healing can occurdatalytic propulsion capability by electrodeposition of Pt on
dynamically moving systems. It should be pointed out thdheir tail section for which the conductive bottom layer is
compared to common self-healing of stationary materials, thecessary. The rigid hydrophobic middle layer is utilized to
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Figure 2 Assessment of the magnetic behavior of SHSs. (A) Image of a model 1 SHS. Inset represents topographical image of the magnetic striy
the SHS. Heat map is im. (B) Magnetic hysteresis loop of a magnetic strip perpendicular (D1, red) and parallel to the alignment axis (D2, blue).
(C) Representation of the magnettd around a SHS during a healing event. TakeVidem S2(D) Grid of magneticeld measurement

around a model 1 SHS. Heat map is in Gauss. (E) Grid of magliketiteasurement around a model 1U SHS. Heat map is in Gauss. (F)
Magnetic ux as a function of separation distance for model 1 and model 1U SHSs. Inset showat@maigthie region from 3 to 2 cm.

ensure strong swimming. The top magnetic strips enable the rapidly with distance it can only bring and align damaged
self-recombination following structural damage. portions of the SHS at distances around 50 mm. Hence,
A schematic of the self-healing process of a typical swimnigereasing vessel size increases the time for healing to occur.
is shown irFigure B. Initially, a pristine (nondamaged) SHS The versatility of the healing strategy is showigime G
swims autonomously until it is damaged (separated intwhere a SHS is cut into 3 pieces, named T, B, and H for talil,
multiple pieces simulating brittle fracture due to the rigid andody, and head, respectivélgéo S) Additionally, the cut
brittle nature of the conductive and hydrophilic layers). As thieetween the B and H sections was done at an oblique angle to
self-propelling tail portion of the SHS travels around, it igest the versatility of the healing process. Following swimming
attracted to the static body piece (upon approaching it) due tof the T section for a few seconds it was attracted and
the strong magnetic interactions of the magnetic strips untiéattached to the B, whereby the combined T+B structure
recombination occurs. The self-healed swimmer then restorestored its motion F{gure H). As this T+B portion
the swimming in a manner similar to the pristine SHS. Theontinued its movement, it was attracted to the remaining H,
proposed mechanism kst shown outside of the solution (no resulting in complete recovery of the original SHS structure
motion) with a model 1 SHS (1 magnetic stripe through thevhich continued to swim like the original pristine kS
middle). Figure € shows the nondamaged swimmer. Nextll). Finally, to showcase the strength of the healing process,
the tail is detached from the bo#lig(ire D). Finally, the tail ~ the recovered swimmer is hung verticallyFigure 1,
reattaches to its body coming the strong magnetic demonstrating that the magnetic force can hold the 3 pieces
attraction. The healed SHS is showignre E. The time-  together against the forces of gravity.
lapse images bBfgure F (Video S} show a damaged SHS, Characterization of the Magnetic Behavior of SHSsA
illustrating the reorientation and reattachment of the movintypical model 1 swimmer with a focus on the magnetic strip is
tail to its complementary static piece. At a large enougshown inFigure A. The topography of the strip was assessed
separation, the swimmer pieces do not feel each other as thi& 3D light microscopy. The magnetic strip is printed in the
magnetic attractive force is distance dependent. However,passence of a strong external magnglticin order to align
the tail gets closer, the attractive magnetic force realigns tthe magnetic particles. The parallel grooves seen in the
pieces so that the built-in movement brings them together anopographical image reconstruction attest to the alignment of
repair can occur autonomously. Since the magnetic force fale constituent magnetic particles.
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Figure 3.In uence of the damage position upon the propulsion behavior. (A) Diagram of some possible damage positions along the SHS: dama
close to the tail (case i), halfway through the structure (case ii), and close to the head (case iii). (B, C, D) Time-lapse image of a model 1 SH
pertaining to cases i, ii, and iii, respectively. TakeiiflemS4(E) Plot of the normalized magnetic force as a function of the dimensionless
separation distance for twoetent cut positionxE 0.1 and 0.5) from an analytical model. (F) Propulsion of a pristine (a) and healed (b) SHS

with 20 s deposited Pt on the tail. Trajectory shows motion over a 4 s period. (G) Propulsion of a pristine (a) and healed (b) SHS with a 120 s P
deposition on the tail. The trajectory shows the motion over a 4 s duratioreqHjfEhe Pt deposition time upon the speed of pristine (red)

and healed (blue) SHSs.

Next, the magnetic strip was subjected to a magnetic Analysis of/ideo Srovides a direct representation of the
hysteresis test to quantitatively assess the alignment of thagnetic eld around a swimmer or parts of a swimmer
magnetic dipoles within the strip. The normalized gM/M (Figure £), with further details found in ttupporting
hysteresis loopsFigure B) show typical hard magnetic Information Based on the orientation of the magnetid
behavior, with high magnetic remanenc §hti magnetic lines it is clear that model 1 SHS magnetic strips acts as dipole
coercivity, § The magnetic saturation J\f the strip was ~ Pe€rmanent magnets even when separated. As the mobile tail

87 emu/g, along with a magnetic coercivityoH 2.5 kOe ~ @pproaches the static swimmer piece, the mageletic
and a highest Malue of 61.48 emu/g. Importantly, the curveseverlap until the self-healing process restores the initial

reveal clear alignment of the magnetic particles in the SHEJUCtUre. Finally, the overlap of the magnettis produces

The red trace (D1, alignment perpendicular to the magnet%ne]ysmrenm:?net'c dipole, caning the structural integrity of

e_ld) has a MM ratio of 0.53 vyh||e th? .blue trace (D2, Next, the magnetield strength was vezd with a hand-
alignment _paralle! to the m_agneelrj) exhibits a MM N of held Gauss meter. The heat map gridgfre D illustrates
0.74. Typically, in well-aligned samples, there is a clegly concentration of magnetiox along the body and
directional dependence of the magnetic properties, reminiscgfifroundings of a model 1 SHS whose strip has been aligned
of highly anisotropic magnetic matefidfsA M/Ms  0.5is  with a strong magnetield. Due to the magnetic alignment
typical of randomly oriented material while a highvw(> the SHS exhibits strongeeld values compared to an
0.5) value is indicative of well aligned magnetic material. Thgaligned SHS (model 1UFigure E). Note that the

high M/M ¢ ratio (0.74) in the D2 direction clearly shows that highest eld values are recorded at the head and tail of the
the magnetic particles are well aligned along the long axissefimmer, arming that the dispersion of magnetic particles
the strip. and the alignment make the strip act as a bar nfaignet.
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Figure 4.Healing behavior of dirent magnetic strip ca@urations. (A) Model 1 SHS: schematic (a), visual representation of the mednetic

lines (b), zoom-in image (c), and images of damaged, approaching and healed states (d). (B) Model 2 SHS: schematic (a), visual representatior
the magneticeld lines (b), zoom-in image (c), and images of damaged, approaching and healed states (d). (C) Model 3 SHS: schematic (a),
visual representation of the magnedid lines (b), zoom-in image (c), and images of damaged, approaching and healed states (d). Taken from
Video S5

2F illustrates how the magneticx diminishes with distance MHE: Healing events with recovered propulsion and mismatched structure
for model 1 and 1U swimmers. The former displays strong All recombination events

magnetic ux at larger distances, realized by aligning the « 1000/{

particles during fabrication. This was alscedenly a model 2

1U swimmer in solutiorF{gure Slvideo S Despite the  Eing)ly, the remaining healing events feature a reattachment
approach of the active tail to the passive piece and the physiggh |arge structural mismatch and loss of the autonomous
contact of the 2 pieces, there is no lasting attraction and heng@tion (SHS is spinning or stuck on the wall). A real example
no structural recovery, coming the crucial importance of of case i SHS is demonstrate&igure B. In this case, the
magnetic alignment during fabrication. passive body is large relative to the mobile tail and does not

E ect of the Damage Position on Healing Behavior rotate to match the self—propelling tail becausg of i'ts size and
and E ciency. Next, we investigated the self-healingwe'ght- On the other hand, the tail moves rapidhg itself

Ty - : : the body and reattaching easily. Case i exhibits a HE of 88%

iagag”sltl?/?/eaztit;cil:er:jctlr?rg;;d;hnet Szgaaggé Llj?gag;) nclgsslggi moav%lh an OHE of 94%. For case ii, both pieces exhibit some
' i : _ rotation and alignment as their respective sizes are very similar

featur?s a cut 7 mm away from the tal|. end of the SWIMMEfEigure €). Case ii demonstrates a HE and OHE of 86%,
Case ii features a cut exactly in the middle of the swimmefemonstrating that the size of the passive and active portions
while case iii corresponds to damage 6 mm away from the frasft the swimmer a&cts the healing process. In case iii, the
of the SHS. Additionally, to evaluate the healemieeness smaller head has a higher propensity to change its direction
of the model 1 SHS based on the damage position,neeade  and align to the magnetield of the larger propelling tail-
healing eciency (HE) as the number of times the swimmercontaining body Higure ®). Yet, at the same time the

has successfully and autonomously healed, retaining both hgPulsion force of the catalytic propulsion overcomes the
ristine structure and initial propulsion, divided by all of thé 29netC force, ecting the healing capability of the body,
P ’ ‘?eadmg to diminished healing capability, indicated by a HE of

reattachment events 58% and OHE of 71%. Furthermore, we compared these
results with predictions of the magnetic force between the
magnetic strips of a damaged swimmer from an analytical
model Figure E). As expected, the force fallsapidly with

x 1000/({ separation distance. More interestingly, the magnetic force

@) depends on the position of the cut (denotedk)bywith
.. smallerx (larger size derence between the two damaged

We can go further and calculate the overall healiigney — piaces) the force is smaller, suggesting lower healing ability.
(OHE) which also takes into account the cases when the Tg jnvestigate this further, we performed simulations of the
healing is imperfect (mismatching), while the swimmer retaimgagnetic torque of the swimmers in many orientations and
the propulsion capability distances away from each otlégure SB A more detailed

Ee Healing events with recovered propulsion and correct structure
All recombination events
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explanation is provided in thepporting Informatio®verall, achieve this goal, we introduce the concept of autonomous
the data ofrigure S3uggest that the magnetic torque will self-healing to such self-propelled robots and obtain useful
most likely align damaged pieces at all orientations at shamsights on how such a healing process occurs in dynamically
distances while at large distances the orientations which wilbving systems.. The SHSs are easy to fabricate without
lead to healing become more restricted. resorting to complex synthetioms and oer many bendés

SHSs with dierent speeds were prepared by electroplatinpr future endeavors. Simply by printing the desired structure
di erent amounts of Pt (using 20 or 120 s deposition; 60 and aligning magnetic Jf& B particles in the desired dipole
used in all other experimentsjure & presents an SHS with  direction imparts high verstatility toward utilizing a variety of
20 s Pt deposited tail. The trajectory exhibits the motion of theesigns (i.e., Models 1, 2, and 3). These include robust and
pristine (a) and healed (b) cases over a 4 s period, illustratindacile healing and the ability to self-repair repeatedly in the
very similar propulsion behavior after healing. For the fasteame location in the absence of external stimuli or user input.
swimmer (based on the 120 s Pt plating), the pristine (a) an@hile the presented swimmer moves on the surface of water,
healed (b) trajectories show little variatiégre &). A very we believe this concept can be applied to 3D swimmers
small dierence between the speed of the pristine and healedoving in bulk uids. While catastrophic damage was used
swimmers is observed for theserdint catalytic swimmers, here to demonstrate the new healing concept, such an
with the speed of healed swimmers being slightly lowapproach can be applied to a variety of common situations
compared to the pristine onégy(ure Bl; a vs b). Thus, while  involving compromise of the swimmer structure.
longer Pt deposition times increase swimmer speed, there doe®ne of the main applications for these small-scale swimmers
not seem to be an ect on the propulsion behavior of the is in remediation or industrial clean up. For example,
swimmer after healing. introducing functionalized swimmers as sponges to sequester

E ect of the Magnetic Strip Con guration on heavy metals, purify water, or decompose organics or nerve
Healing Behavior and E ciency. Assessing the healing agents will increase the prdsessciency due to their
behavior of dierent magnetic cogurations is an important movement. Many of these applications rely on hydrogen
step toward optimizing the healing procEgsure A peroxide, making these peroxide-powered swimmers an easy
showcases the schematic (a) of a model 1 SHS. Additionaildition. Due to the multicomponent nature of these
we provide a visual representation of the magaktitines processes, additional studies need to be performed on the
around each swimmer to aid in understanding the healimgopulsion and healing within environments witbreft
behavior (b) and an image of the swimmer (c) with zoom-irviscosities, temperatures, and chemical makeup compared to
images ifrigure S4For model 1 (damaged in the middle) the the one used in this study.
propelling tail easilynds its complementary passive section, Despite these distinct advantages and potentialtshene
reattaches, and with the healed swimmer continues to moseveral challenges must be addressed before further practical
similar to the pristine version (cYideo Sh A similar use. For example, the healing process is still prone to imperfect
behavior is observed for the two-strip (model 2) swimmehealing events. It is necessary for programmable and intelligent
(Figure B8, Video Sk Compared to model 1, a model 2 SHS self-healing strategies which bypass misaligned or out-of-order
demonstrates a HE of 49% and OHE of 69%. Thus, the twoecombination to be developed. We envision that adding more
strip conguration is not as ective as model 1. The larger complexity to these swimming platforms, e.g., by incorporating
di erence between the HE and OHE indicates that there isstimuli-responsive materials, will add a basic feedback
large number of imperfect healing events. This can hmapability and impart adaptability to their surrounding
attributed to the larger surface that multiple strips coveenvironment. As seen above, the magnetic interaction can be
Using the same magnetic alignment, model 3 SHS alseak over large distances, hindering the healing in large
presented ective healing after being damaged in the middleeservoirs and requiring strategies for actively directing
(Figure €, Video Sk exhibiting a HE of 41% and OHE of swimmers toward a target location or preconcentrating them.
63%. For model 3, the magnetic healing surface is spread butorder to demonstrate that our swimmers can handle a
over a larger area preventing accurate healing but still retainuagiety of environments, we also envision introducing them
a high percentage of imperfect healing events. At the sam#& larger swimming pools (i.e., >x 1the size of the
time, the large area of magnetically active material may cassgmmer) and pools with corners (i.e?, @0>90). Next
the attachment of passive pieces to multiple areas of themes the issue of multiple swimmers attempting to heal and
swimmer besides the spedamaged area. This is supported producing mismatched assemblies. To alleviate this, we
by the representation of the magnettd around the  envision structures resembling our Model 2 swimmer where
swimmer models 2 and 3 (bjigure S5presents several adjacent strips (2 or more) will have a preset pattern of dipole
examples of imperfect healing (top row: imperfect healindjrection orientation to produce unique gomations to
considered for OHE; bottom row: unsuccessful healing). Foeduce the chance of healing with noncomplementary pieces.
example, SHSs can exhibit reattachment thatsés or Furthermore, the mismatched healedguoations represent
imperfect, noticed particularly for models 2 and 3, owing to theelow energy situation due to the attraction of the magnets but
larger area of active magnetic material along the cut. Anothmt necessarily the lowest energygumation. To attain this
improper healing even occurs when the damaged pieces healdn guration (i.e., correct healing) some annealing strategies
an incorrect order, such as the cases for models 1 and 2.ame envisioned whether due toid dynamics, additional
these examples, the propelling tail may randomly reestach magnetic stimuli, or othér$® Another way to control the
to the head (instead of the body) resulting in undesirablenagnetic response would be by adding paramagnetic materials,
con gurations. instead of ferromagnetic ones, in order to turn otile

The present work demonstrates thst example of a magnetic capabilities of the swimmer and choose when to
functional small swimmer, capable of responding to damaigéiate or dissociate healing. However, this strategy would
and restoring its structure autonomously‘amdhe-y”. To require application of an external magnetit Scaling the
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