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Abstract 

Mimicking the locomotive abilities of living organisms on the microscale, where the downsizing 

of rigid parts and circuitry presents inherent problems, is a complex feat. In nature, many soft-bodied 

organisms (inchworm, leech) have evolved simple, yet efficient locomotion strategies in which 

reciprocal actuation cycles synchronize with spatiotemporal modulation of friction between their 

bodies and environment. In this research, microscopic (100 μm) hydrogels are demonstrated to crawl 

in an aqueous environment by reciprocal actuation coupled to spatiotemporal modulation of friction 

between the gel and the surface. Thermo-responsive poly-n-isopropyl acrylamide hydrogels loaded 

with gold nanoparticles shrink locally and reversibly when heated photothermally with laser light. Off-

center irradiation of the hydrogel combined with hysteresis in the friction of the gel between shrinking 

and expanding cycles results in a crawling motion. We show that microcrawlers are steerable and can 

push small cargo along a surface. 

Main Text  

Introduction 

Miniaturization of untethered mobile robots toward the micron-scale can enable their 

application in currently problematic tasks such as parallel  micromanipulation, drug delivery and 

microsurgery.1–5 Multiple approaches for untethered microrobot powering and driving are currently 

under investigation. One approach is to directly manipulate the microrobot by external magnetic6–8 or 

electric field.9 An alternative approach is to produce microrobots that can locomote through the 

mechanical interactions of their bodies to their surroundings by propulsion or mechanical actuation. 
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In such cases, the forces responsible for locomotion are localized to the microrobot and, thus, these 

methods do not, in principle, require any external set-up which holds the most promise for fully 

autonomous systems and in the field applications.10 The locomotion provided by mechanical actuation 

provides robust and variable motility (jumping,11 crawling,12–15 swimming16–18) in both wet and dry 

environments. The energy required for actuation can be provided by biological actuators,19 or can be 

directly harvested from the environment as chemical energy20,21 or electromagnetic radiation. 

Transducing visible light into mechanical actuation has been widely adopted as a practical method of 

powering remote untethered microrobots.22 Such robots are typically constructed from 

photoresponsive soft materials that respond to irradiation by shape or volumetric changes.23–29 Two 

classes of soft photoresponsive materials have been predominantly used for microrobot construction: 

liquid crystal elastomers (LCEs) and thermoresponsive hydrogels - made photoresponsive by 

incorporating highly absorptive materials.30 In this work, we use the latter.  

Actuating microrobots undergo changes in their volume or shape in repetitive cycles, strokes, to 

exert frictional forces to a substrate (crawlers) or viscous forces to a surrounding media (swimmers). 

The robot must exert this force along a certain distance to perform mechanical work and, thus 

displace. The shape changes it undergoes are cyclic and, thus, a symmetry breaking phenomenon must 

be present to keep the mechanical work non-zero over the course of the entire cycle.31,32 In the 

absence of inertia,33,34 this symmetry breaking is typically realized experimentally by inducing non-

reciprocal shape changes. A disadvantage of non-reciprocal actuation is that it requires a larger 

complexity – at least two degrees of freedom actuation35 which hinders miniaturization,23,27 large scale 

production, and independent control over multiple robots.23   

In the case of crawlers, single degree of freedom reciprocal actuation such as bending in an 

inchworm fashion20,36–38 or isotropic contraction-expansion24 may also provide directional motion 

when coupled to a head-to-tail asymmetry in friction with the surface. Such friction asymmetry can 

come from angled bristles24,39 or ratcheted surfaces.8,14,20,40 Reciprocal actuation is much simpler to 

realize than non-reciprocal actuation, so this route holds promise for upscaling the production of 

independently controlled miniature robots. However, thus far the manufacture of angled bristles does 

not allow massive production of miniature robots and the requirement of surface texturing has stood 

in the way of their omnidirectional control.24  

In this work, we developed photoresponsive hydrogel crawlers of approximately 100 μm 

locomoting in aqueous environments being powered and steered by pulses of focused light. We show 

that these microcrawlers can move by reciprocal actuation without the requirement of surface 

texturing. Instead, the friction coefficient between the microcrawler and the substrate changes 
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asymmetrically over the course of one contraction-expansion cycle, resulting in the microcrawler’s 

directional motion. We developed a model based on the concept of synchronized actuation and 

friction modulation that reproduced experimental data, without adjustable parameters. We then 

constructed a steerable microcrawler with the ability to manipulate and assemble other objects. 

Materials and Methods 

N-isopropylacrylamide (NIPAM), poly(ethylene glycol) diacrylate (PEGDA, average Mn = 700 kDa), 

trisodium citrate, polyvinylpyrrolidone (PVP, Mw = 360 kDa), Tween 20, and Pluronic F127 were 

purchased from Sigma Aldrich. Tetrachloroaurate trihydrate (HAuCl4·3H2O) was purchased from Alfa 

Aesar. Methacryloxyethyl thiocarbamoyl Rhodamine B was obtained from Polysciences. SYLGARD® 

184 silicone elastomer kit (elastomer base + curing agent), used for the fabrication of 

polydimethylsiloxane (PDMS) microfluidic channels, was purchased from Dow Corning. All chemicals 

were purchased in standard purities provided by the vendors and used as received. The photo-initiator 

lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was synthesized according to a previously 

published procedure.41  Reverse osmosis water (MilliQ) was used for all experiments (18.2 MΩ at 25 

°C). 

Microcrawler Synthesis 

100 μL 1-1.5 % w/w gold nanoparticles dispersion (synthesized using citrate method - see 

supplementary methods) was mixed with NIPAM (37 mg, 327 μmol), PEGDA (20 μL, 29 μmol) and LAP 

(1.5 mg, 5 μmol). The mixture was sonicated for 5 min to dissolve the components. The pre-gel 

solution was always used the same day and centrifuged before use to remove dust and gold colloid 

agglomerates (2 min at 5000 rcf). Hydrogel cubes for the steering experiment were synthesized using 

SFL and consist of pure PEGDA crosslinked using 1 % (w/w) LAP. 

To produce hydrogel microcrawlers, the resulting mixture was processed in stop-flow 

lithography, which was performed as previously described (details on the procedure are in the 

supplementary methods).42 After synthesis (typically several thousand microcrawlers were prepared 

in one run), the channel was purged with 0.5% aqueous Tween 20 solution (150 μL) and the 

microcrawlers were collected inside a PCR tube. The dispersion of microcrawlers was washed with 

Tween 20 solution 4 times, being allowed to sediment under gravity for 5 min between each washing 

step. The Tween 20 prevents the microcrawlers to stick irreversibly to each other and to the container 

surface. 

Crawling 
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Glass microscope slides (Menzel) were spin-coated with PDMS (volume ratio base : curing agent 

= 10 : 1). Subsequently, plastic washers (inner diameter 10 mm, height 2 mm) were placed on the glass 

slide and the whole assembly was cured overnight at 65 °C. The prepared wells were filled with 

microcrawlers dispersed in 0.5% (w/w) Tween 20 aqueous solution. The wells were covered with a 

glass slide and sealed using UV-curable adhesive.  

A 200 mW diode laser (532 nm) was attenuated using a grey filter (optical density = 0.5) and 

placed directly inside the condenser of an inverted microscope (Nikon Ti-U). The condenser was used 

to focus the laser beam to the sample plane. Four white LEDs were fixed around the laser collimating 

lens to illuminate the sample for bright-field microscopy. A picture of the setup can be found in figure 

S3. The sample well with microcrawlers was placed under the inverted microscope with the laser setup 

installed. The laser beam was aimed at a particular part of the microcrawler and laser pulses (0.5‒0.7 

s on, 1‒1.5 s off) were applied. A 536 nm short pass filter was placed underneath the sample and a 

cube filter for RITC (Semrock) was placed in the light path, both to block the laser beam and allow 

diascopic observation of irradiated microcrawlers. 

The crawling experiments were performed on three alternative surfaces to the nominal PDMS, 

namely bare glass, C18 hydrophobized glass, and perfluorated C8 coated glass. Both glass coatings 

were performed by vapor deposition: the glass slide was immersed in 1 M NaOH for 1 hour, then 

washed with water, dried with a stream of air and placed inside a desiccator together with 300 µL of 

trichloro(octadecyl)silane and trichloro(1H,1H,2H,2H-perfluorooctyl)silane respectively and left at 40 

mBar for 2 hours. 

Sliding Experiments 

A glass capillary (50 × 5 × 0.5 mm) was filled with PDMS (volume ratio base : curing agent : toluene 

= 10 : 1 : 10), and spin coated horizontally (2000 RPM, 1 min) to coat its inner surface. After curing, 

the capillary was filled with a 0.5% Tween 20 solution containing approximately 30 disc-shaped 

microcrawlers (diameter = 115 μm) and sealed using UV curable glue. The capillary was placed on a 

heating stage (Linkam) attached to the sample holder of a Nikon LV100Pol microscope equipped with 

a DMK23ux174 camera imaging a plane parallel to gravity. The setup detail is depicted in Figure S4. 

The capillary was then tilted by 10° to induce the sliding of the microcrawlers. Simultaneously the 

stage was repetitively heated to 65 °C and cooled back to 25 °C at 20 °C/min. The microcrawler sizes 

and sliding velocities were measured manually and averaged over 5 individual experiments.  

Results 

Microcrawler Synthesis and Locomotion 
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Fig. 1. Microcrawler synthesis and actuation. A – Microcrawlers are synthesized inside a 

microfluidic channel using stop-flow lithography. Scale bar is 20 μm. Hydrogels consist of 

thermoresponsive PNIPAM with entrapped AuNPs. Absorption of green light by AuNPs raises the local 

temperature above PNIPAM’s lower critical solution temperature, resulting in shrinkage. B – Individual 

crawling stages, with indicated on and off irradiation periods. A microcrawler is irradiated off-center 

with focused green light pulses. The irradiated area contracts and expands periodically, resulting in 

the forward motion of the entire microcrawler. 

Microcrawlers (100 × 50 × 30 µm) were synthesized using stop-flow lithography (SFL), a high 

throughput lithographic technique that enables the production of microscale hydrogels with 2D 

geometries defined by a photomask (Figure 1A).42 They are composed of poly(N-isopropylacrylamide) 

(PNIPAM) crosslinked with poly(ethylene glycol) diacrylate (PEGDA) and contain 15 nm gold 

nanoparticles (AuNPs) entrapped in the hydrogel network. The microcrawlers sedimented in aqueous 

environments under gravity and their motion along the surface was induced by pulses of focused 

green laser irradiation (λ = 532 nm). The surface plasmon resonance of 15 nm AuNPs has a wavelength 

of 520 nm which is sufficiently close to the laser wavelength to enable plasmonic absorption. The 

energy is dissipated as heat to the surrounding network which causes reversible shrinkage of the 

thermo-responsive PNIPAM. Pulsed laser light (typically 0.7 s on, 1.3 s off) induced periodic reciprocal 

contraction and expansion cycles, localized to the irradiated section of the microcrawler. After each 

cycle, the microcrawler moved away from the center of irradiation (Figure 1B). This motion was 

observed on multiple surfaces including glass, hydrophobized glass and spin-coated PDMS 

(supplementary information S1). On the PDMS surface, the crawler moved the furthest – 

approximately 15 μm per cycle – so this surface was used throughout the rest of the study.  
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The actuation of the microcrawler was reciprocal; from top view, the pathway of its shape change 

during contraction was identical to that during expansion (Figure 1B). It was shown in multiple 

theoretical studies, that reciprocal actuation in the absence of inertia (The Reynolds number in our 

system is on the order of 10-3) does not cause net displacements, unless another form of symmetry 

breaking is provided.32,35,38,43 We found that the microcrawler undergoes a cycle of high friction during 

expansion and low friction during contraction. This friction modulation synchronized to the reciprocal 

actuation breaks the symmetry of the forces in each stroke. 

Microcrawler Friction Hysteresis 

Fig. Figure 2. Sliding experiments and friction hysteresis. A – Disc-shaped hydrogels placed in a tilted 

capillary were exposed to heating/cooling cycles. Their gravity-induced sliding velocity, V was observed. 

B – Temperature of the heating stage, T, relative disk size and the sliding velocity.  C –The sliding velocity 

increases with hydrogel contraction during heating (red circles) and cooling (blue diamonds), forming 

a hysteresis loop. 

To investigate the friction between the microcrawler and the substrate, we performed a series of 

experiments with microcrawlers sliding over a tilted surface under the influence of gravity (figure 2A). 

Microcrawlers were sealed inside a tilted glass capillary and observed from the side using a microscope. 

We chose disc-shaped microcrawlers for these experiments as their observed cross-section from the 

side is invariant to their orientation on the plane. At constant temperature, the discs slide at constant 

velocity down the slope (Figure S5). Discs on the tilted plane are subjected to the lateral component of 

the gravitational force (Fl) which is a function of the net mass with respect to the surrounding fluid (𝑚) 

and tilt angle (θ). For a sliding hydrogel we will define the dynamic friction coefficient (𝑓) per unit 

area44,45: 

𝐹𝑓𝑟 = 𝑆 𝑓 𝑣 [1] 

With 𝑣 the sliding velocity, 𝑆 the area of the hydrogel disc and 𝐹𝑓𝑟 the friction force (tangential to 

the substrate). During the sliding experiments with the hydrogel discs, we assume inertial effects and 
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the viscous drag to be negligible (justification in S2), therefore friction constant can be obtained by 

equating the frictional force to the gravity force component parallel to the substrate. This gives the 

following expression for the normalised friction constant from the tilt angle and the buoyant mass  𝑚 

of the disc: 

𝑓 =  
𝑚 𝑔 sin 𝜗

𝑆 𝑣
    [2] 

Thus, from the terminal sliding velocity of the hydrogel discs, one can calculate the normalized 

friction coefficient as a function of the size of the disc, or equivalently, the state of contraction. 

 

To mimic the conditions in the irradiated area of the microcrawler, the disc suspension was 

exposed to heating and cooling cycles. Upon heating, the discs shrunk and accelerated. During the 

cooling process, the discs swelled and decelerated again, but instead of regaining their original speed 

they fully stopped and stuck to the capillary wall, indicating the friction force outcompeted the lateral 

component of the gravitational force. Upon reheating, the discs shrunk and started moving again. The 

temperature, speed, and size of one sliding disc are plotted as function of time for consecutive 

heating-cooling cycles in Figure 2B. To show that the friction coefficient of hydrogels in the same 

degree of swelling is different during contraction than during expansion, we plotted the sliding velocity 

as a function of particle size (Figure 2C). The plot exhibits a clear hysteresis: the friction coefficient is 

lower during contraction than during expansion (eq. 2).  

 

The friction hysteresis shown in Figure 2C is responsible for the net displacement of 

microcrawlers away from the irradiation spot. When one side of a microcrawler is heated as a 

consequence of laser irradiation, the friction of the irradiated part of the hydrogel with the surface is 

smaller than the friction of the other side of the hydrogel with the surface. As a consequence, the 

center of contraction (i.e. the point of the crawler not displacing with respect to the substrate) of the 

hydrogel is not the center of mass, but rather a point further from the irradiated side. Inversely, after 

the laser is turned off, the previously irradiated section swells and has higher friction with the surface 

than the other side. This causes the center of expansion to be closer to the irradiated side of the 

hydrogel. This mismatch between the center of contraction and the center of expansion causes the 

crawlers to move away from the laser beam. 

 

We ascribe the observed friction hysteresis to the previously described hysteresis in the surface 

states of PNIPAM during shrinking and swelling cycles. PNIPAM hydrogels display such hysteresis when 

either swelling or de-swelling rapidly, i.e. out of equilibrium. During fast shrinkage, water is ejected 

faster from the surface of the gel than the inner material, forming a dense surface layer (often called 
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‘skin’).46,47 During cooling the outer layer expands first and promotes reswelling by elastic stress. This 

out-of-equilibrium behavior has been previously exploited for complex shape changes of a PNIPAM gel 

during shrinking and expanding cycles to produce a non-reciprocally actuating microswimmer.18 

Multiple studies, focusing on out-of-equilibrium collapse and reswelling of PNIPAM brushes, brought 

insight to the underlying processes on the molecular level.48–53 In the collapsed state, new interactions 

between individual PNIPAM chains are established (hydrogen bonds,51 entanglement52). During re-

swelling, these interactions are being broken which imposes extra energy barriers on the swelling 

process that were not present during the collapse. These kinetic barriers change the energy landscape 

of the re-swelling process and therefore the swelling polymer chain is undergoing a different pathway 

of consecutive conformational changes to reestablish its original volume.48,49 It was described, that 

these conformational differences result in different topography between swelling and shrinking 

polymer brushes.48 We conclude that this topographical difference between collapsing and expanding 

PNIPAM hydrogel is responsible for our observations of friction hysteresis.  

An additional contribution to the friction hysteresis could come from hysteresis in the lubricating 

layer thickness between the microcrawler and the surface. After sedimentation, the microcrawler is 

separated from the substrate by a thin layer of solvent.44,45 As the microcrawler is heated, water is 

expelled which thickens the lubrication layer and reduces the friction locally. Because the hydrogel has 

a positive net mass, it sediments towards the substrate and re-establishes the equilibrium lubrication 

layer. We measured the change in velocity of discs that were sliding down a slope during and after 

heating. Their sliding velocity peaks during heating and then slows down to an equilibrium value, 

consistent with the idea that an equilibrium lubrication layer re-establishes after the contraction is 

complete (Figure S7). During the subsequent expansion phase, water is reabsorbed into the gel, 

reducing the lubrication layer thickness.54 

To directly show that the friction hysteresis is responsible for the directional crawling, we repeated 

both crawling and sliding experiments in a Pluronic surfactant solution. Pluronic strongly adsorbs onto 

the PDMS surface55 and lubricates it which reduces the friction between the surface and the crawler.56 

The friction reduction can be observed in the sliding experiments; the sliding velocity of hydrogels in 

the same degree of swelling differs much less between contraction and expansion (Figure S8) than in 

the case of the Tween. Moreover, the hydrogels do not stop moving during the cooling phase. The small 

friction hysteresis in a heating-cooling cycle suggests that crawling should be inefficient in presence of 

pluronic surfactant, and indeed, the observed net displacement per cycle was only 1 to 2 µm compared 

to 15 µm in absence of surfactant.  We conclude that the surface lubrication by pluronic suppresses the 

friction hysteresis which results in the loss of displacement. 

Microcrawler model 
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Figure 3. Step size variation with irradiation position and microcrawler size. A – Cartoon of 

rectangular microcrawler indicating the relevant geometrical parameters. B and C – Net displacement 

and stepback as a function of irradiation position for 100 μm (Δ), 135 μm (◊) and 220 μm (○) 

microcrawlers. Solid lines were calculated with no adjustable parameters from Eq. 1 (detailed 

description in SI) 

To get quantitative insight into the crawling mechanism, we conducted a series of crawling 

experiments with rectangular microcrawlers of constant height and width (25 × 50 μm), but differing 

in length (100, 135 and 220 μm). The net displacement (δ) achieved in an individual stroke as a 

function of the center of the irradiation spot along the main microcrawler axis (Fig. 3A) was examined 

for this series of microcrawlers (Fig. 3B) with pulses of 0.7s. The initial increase in the net displacement 

that occurs as the laser beam center moves from the rear edge towards the center is ascribed to the 

increase of the irradiated part of the microcrawler (beam has a finite diameter), which results in 

increasing length difference between contracted and expanded microcrawler. This length difference 

determines the amplitude of the microcrawler actuation and therefore the magnitude of the net 

displacement. However, when the beam center approaches the geometric center of the particle, the 

head-tail asymmetry of the microcrawler is lost and the net displacement drops again. This symmetry 

constraint can also be observed as the distance by which the front, non-actuating, end of the 

microcrawler retracts (‘stepback’) during the contraction phase (Fig. 3C). When the beam is sufficiently 

far from the center, the front section of the microcrawler serves as an anchor and the contracting 

section with its reduced friction with the substrate is not capable to pull it backward during 

contraction. When the beam is placed closer to the center of the particle, the difference in friction 

forces exerted by the front and the rear part of the microcrawler is diminishing and the step back 
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increases. When the microcrawler is irradiated in the middle, the step back is equal to one half of the 

total contracted length and the resulting net stroke is zero (an example of symmetric irradiation is in 

Movie S4). 

We constructed a model that utilizes the observed hysteresis in the friction of the sliding gel-discs 

to predict the net displacement (δ) for rectangular microcrawlers irradiated at designated positions 

(full derivation in supplementary information section S3). In a cycle of expansion and contraction, δ is 

achieved as a result of hysteresis (eq. 3). 

max

max

0

0 0
contraction expansion

0

x x
d d





  
 

 
= +
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𝜕𝜀
|

0

𝜀𝑚𝑎𝑥 𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛
 [3] 

In this expression, the position of the rear end of the crawler, x0, is a function of the relative 

deformation ε with respect to the swollen state. Where ε is the relative contraction in width of the 

crawler evaluated at the center of the irradiation spot. ε is a function of time and its maximum value, 

at the end of the heating part of the cycle, is denoted by εmax. Due to the hysteresis in friction, the rear 

end position as a function of contraction is dependent on whether it takes place in the heating or the 

cooling cycle. Therefore, the expansion term does not cancel the contraction term, which results in a 

net displacement. To get a more explicit description for the crawling motion a semi-empirical model 

has been developed (details to be found in Supplementary Information section S3). Inputs for this 

model are the normalized friction coefficients obtained from the sliding discs on the tilted substrate. 

Further, the model assumptions are as follows: it is assumed that the sliding stress on the substrate 

and crawler is varying as a function of position along the crawler and that the sliding stress (σsliding) is 

related to that as obtained from the sliding disc experiments: 

( , ) ( , ) ( , )sliding x t f x t v x t =  𝜎𝑠𝑙𝑖𝑑𝑖𝑛𝑔(𝑥, 𝑡) = 𝑓±(𝑥, 𝑡)𝑣(𝑥, 𝑡)  [4] 

The normalized friction coefficients depend on the state of contraction that is found at position 

x along the crawler at time t and whether it is in the heating (+) or cooling (-) part of the cycle. Then 

by imposing that the total force on the crawler is zero, explicit expressions for 
𝜕𝑥0

𝜕𝜀
 in eq [3] can be 

found in terms of the local contraction and friction coefficients. The local contraction of the crawler 

has been determined from the image analysis of video images of a crawler in action. With this 

information, the friction coefficient as a function of position along the crawler can be obtained.  

Subsequently, these expressions are solved numerically to yield the net displacement.  
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The dependence of the net displacement on the irradiation position is predicted quite well by the 

model (Fig 3B). In both the experiments and the theory, the irradiation position that leads to maximum 

displacement is found to be around 35% of the microcrawler length (Fig 3B). The model underpredicts 

the net displacement by at most a factor of two. The main reason for this difference is that the friction 

hysteresis values used in the calculation were acquired indirectly from the sliding experiment and may 

differ from the hysteresis loop in the crawling process. 

Next, we used the data from sliding experiments in pluronic (Figure S8) for the model to predict 

net displacement of the crawler in the pluronic surfactant. The predicted displacement in such case 

dropped to maximum 2-3 µm per one stroke for all three crawlers (Figure S9). This trend corresponds 

to experimental findings (observed net displacement ~1-2 µm) and further supports our above-

described explanation of crawling ultimately originating from the friction hysteresis. 

 

Steerable Microcrawlers, Crawling up a slope, Fast actuation 

The mechanism for crawling can be applied to various shapes such as discs, crosses, or ‘Pac-man’ 

shape microcrawlers (supplementary video S2). Regardless of the microcrawlers geometry, the 

displacement is always parallel to the line connecting the irradiation spot and the microcrawlers 

center of mass. Consequently, the direction of crawling can be controlled by the choice of the 

irradiation spot. To demonstrate controlled steering with translation and rotation control, we 

prepared a ‘U’ shaped microcrawler as depicted in Figure 4A. This steerable microcrawler can be 

perceived as two rectangular microcrawlers, described in previous sections, connected at the front 

end. Applying laser pulses to the back of one of these ‘elemental’ microcrawlers results in its forward 

motion, following a circular pathway. By alternating the pulsed irradiation of each ends of the U 

shaped microcrawler, it can be moved in a straight line; irradiation of only one end results in turning. 

This control mechanism resembles control over a tracked vehicle, where the speed of track on each 

side is controlled independently and used to control the direction of movement. We utilized this 

steerable microcrawler for the transport of hydrogel cubes (25 × 25 × 25 μm) by simply pushing them 

over the surface (Figure 4D, supplementary video S3). The microcrawler is steered to pick and gather 

the cubes at its front edge, the presence of small spikes at front corners prevents their loss. Several 

cubes can be pushed at a same time. Notably, no changes in the contraction-expansion behavior were 

detected upon hundreds of irradiations performed in this experiment, indicating no permanent 

damage to the hydrogel or leakage of entrapped gold particles.  

Practical applications of a microcrawler may require navigation through complex, uneven 

environments. Therefore, we tested the ability of our microcrawler to climb up a slope. The tested 50 
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× 100 μm rectangular microcrawler managed to crawl up to 20° inclined slope. Figure 4C shows, that 

small tilt angles do not affect the net displacement length, which rapidly drops close to the limiting 

angle of 20°. The reason for the drop is a gravity-induced backward slide of a microcrawler, taking 

place simultaneously while crawling, at the limiting angle the velocity of the backward slide matches 

that of the forward crawling. 

 

Figure 4. Steering and crawling uphill. A – ‘U’-shaped crawler is steered by aiming the laser beam 

at spot a or b to turn right and left respectively. B – Steerable crawler is navigated and manipulates 25 

μm hydrogel cubes. (scale bar corresponds to 100 μm). C – Cartoon of a crawler moving uphill. D – 

Plot of net displacement (δ) as a function of inclination angle (θ) for uphill crawling. 

 

To test the maximum speeds of our microcrawlers, we applied higher frequency pulse sequences. 

As the frequency increases, the degree of contraction decreases and the hydrogel is not able to fully 

contract nor expand. Still, such actuation provided efficient forward motion. As an example, we show 

crawling by pulses as short as 25 ms, separated by 50 ms delays in between. The longer crawlers proved 

more efficient than the 100 µm crawler under high-frequency irradiation (Supplementary video S5 

displays 180 µm long crawler). Although the total contraction (actuation amplitude) is only around 1.5 

µm under these conditions, compared to a contraction of 40 µm under low-frequency irradiation, the  

displacement per cycle is 1.5 µm and 10-15 µm in low and high-frequency regime respectively. Under 

low-frequency irradiation, the step length is only 1/3 of the total contraction, whereas under high-

frequency irradiation it is comparable to the total contraction during one cycle. The microcrawler speed 

at high-frequency irradiation is doubled, compared to the speeds observed at our nominal conditions 

and corresponds 18 µm per second (i.e. 0.1 body length per second). Following the microcrawlers with 
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the laser at these velocities proved difficult manually and so the recorded velocity could only be 

maintained only for several seconds, we are currently developing computer control of the irradiation. 

 

Conclusion 

In summary, we demonstrated a new locomotion principle of hydrogel microcrawlers, propelled 

remotely through light-induced reciprocal actuation, leveraging friction hysteresis between shrinkage 

and expansion phase of the cycle. The way our microcrawler leverages spatiotemporal modulation of 

friction mimics living crawlers, such as leech or inchworm, that can actively stick part of their body to 

the substrate for efficient crawling. This new mechanism enables the design of reciprocally actuating 

microcrawlers that can move uphill and manipulate other micro-objects. The microcrawler production 

is straightforward and scalable, owing to the continuous nature of stop-flow lithography.42 The main 

drawback of our current design is the necessity of spatiotemporal modulation of light to achieve the 

directional motion. Our current research is focusing on overcoming this hurdle by synthesizing dual 

material microcrawlers with nonresponsive front side and actuating rear side, that crawl directionally 

when exposed to unfocused light pulses. The robustness of our mechanism principally allows for 

future changes of the power source (such as a chemical oscillator15) and subsequent construction of  

microrobots locomoting without the need for any external setup. 
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