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ABSTRACT 

Sub-millimeter untethered locomoting robots hold promise to radically change multiple areas of 

human activity such as microfabrication/assembly or healthcare. To overcome the associated hurdles 

of such a degree of robot miniaturization, radically new approaches are being adopted, often relying 

on soft actuating polymeric materials. Here we present light-driven, crawling microrobots, that 

locomote by a single degree of freedom actuation of their light-responsive tail section. The direction 

of locomotion is dictated by the robot body design and independent of the spatial modulation of the 

light stimuli, allowing simultaneous multidirectional motion of multiple robots. Moreover, we present 

a method for steering such robots by reversibly deforming their front section, using UV light as a 

trigger. The deformation dictates the robot locomotion, performing right- or left-hand turning when 

the UV is turned on or off respectively. The robots’ motion and navigation are not coupled to the 

position of the light sources, which enables simultaneous locomotion of multiple robots, steering of 

robots and brings about flexibility with the methods to deliver the light to the place of robot operation. 

INTRODUCTION 

Micrometer scale structures that can be moved and controlled by a user (microrobots) have been 

proposed for applications such as micromanipulation, non-invasive surgery, drug delivery, and lab-on-
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chip technologies1–6. In many of these applications, simultaneous operation of multiple robots is 

required. An ultimate goal is a group of active robots operating parallelly but independently so that 

they can efficiently complete the desired task in an analogy of a macroscopic robotic assembly line, or 

such robots could combine their forces to manipulate objects significantly bigger than themselves7,8. 

Hence, methods of microrobot control that enable their parallel independent operation is getting to 

the center of research interest. 

Microrobotic systems can be divided into two categories by how the forces that drive their 

motion are applied. Forces can either be applied externally by means of magnetic9,10, or acoustic 

fields11. Alternatively, they can arise locally from interactions between the microrobots body and their 

environment, as in the case of shape-changing (actuating) microrobots (crawling12–17, swimming18–22, 

jumping23), or propulsion-based microrobots24,25.  

Locomotion by external fields allows for control of large samples of microrobotic swarms, 

however, each microrobot within the swarm experiences the same forces and so generally moves in 

the same direction or with the same behavior. Advancements in magnetic field-driven microrobotics 

have demonstrated their ability to exhibit independent behaviors, but require the use of 

heterogeneous swarms or complex external hardware26–30. For locomotion by actuation or propulsion, 

the behavior of the microrobot is governed by its current state and the state of its local environment, 

hence, it offers potential for each microrobot to act independently within a group. In many cases of 

propulsion-driven microrobots the source of energy is typically dispersed within the environment as 

chemical fuel and individual microrobots move independently within a large group (neglecting fluidic 

interactions between microrobots). Similarly, dispersion of nutrients (chemical fuel) enables 

independent locomotion within a group of biohybrid microrobots relying on actuating cells as a source 

of motion20,22,31,32. However, in these cases the microrobots behavior is driven by a supply of energy 

that cannot easily be switched on and off, making such mechanisms for robot control limited to 

predefined arrangements of fuel gradients and, thus, cumbersome. An energy source that can be 

easily controlled both spatially and temporally is light. Used in conjunction with photo-responsive 

materials, light has been used to induce the locomotion of microrobots that respond to the absorption 

of light energy by shape changes13,15,16,19,33–35. These shape changes result in net forces being applied 

locally to the surroundings by the microrobot, and, hence, if the process can be induced 

simultaneously in large groups of microrobots, the microrobots will act independently within the 

group3. 

Achieving locomotion by shape changes in the micro-regime is not straightforward. The sub-

millimeter robotic systems are mostly operated in fluidic environments to suppress the dominance of 
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adhesive forces, which hinder any motion over the substrate. Such robots, with dimensions < ~1 mm, 

typically move in liquids in the low Reynolds number regime. Here, viscous forces dominate over 

inertial forces and, thus, directional motion is provided only by non-reciprocal, cyclic shape changes36. 

Alternatively, other phenomena can be exploited to break symmetry within a single degree of freedom 

(DOF) actuation cycle to provide directional motion, such as asymmetric friction13,15,17,33. Multiple 

microrobot designs have been reported that mimic non-reciprocal gaits utilized by various organisms, 

where light was used to control the actuation, being localized to induce shape changes at specific 

regions of the microrobot14,19,35. In these cases, the resulting locomotion direction is dictated by the 

spatial/spatiotemporal light distribution, such as focused beam localization or light pattern travelling 

direction. Multiplying such illuminating schemes to simultaneously drive multiple robots in arbitrary 

directions would require accordingly complex illumination setups, with the level of complexity 

increasing with every robot added to the system. Hence, it would be preferred to have microrobots 

that, when illuminated with light of spatially uniform intensity, undergo shape transformations that 

result in net displacements. This is not an easy approach, as is witnessed by sparse evidence of its 

experimental microrobotic realizations. It has been demonstrated in swimming hydrogels that 

undergo non-reciprocal shape changes owing to out-of-equilibrium actuation of their helical bodies18 

and crawling liquid crystal elastomers with asymmetrical frictional properties33. Moreover, for 

successful application of such microrobots, these must not only provide continuous net displacement 

but also their direction of motion must be controllable.  

In this research, we present hydrogel microrobots that display directional motion in response to 

a homogeneous illumination source. The hydrogels undergo reciprocal actuation, which is coupled to 

a friction hysteresis between shrinking and expanding phases. The head-tail asymmetry, required for 

the net displacement of the microrobots, is provided by material heterogeneity of the microrobot's 

body, with only the tail section of the body being responsive to light. Introducing this asymmetry 

removes the need for spatial localization of light and allows multiple microrobots to locomote by a 

global light source. Furthermore, we demonstrate the ability to steer the microrobots by appending a 

simple pH-responsive hydrogel block to the microrobot body. This block collapses and re-swells, 

asymmetrically, upon a photoinduced pH change. The change in the robot's left-right symmetry 

induced by this volumetric response controls its trajectory. 

 

MATERIALS AND METHODS 

N-isopropyl acrylamide (NIPAM), poly(ethylene glycol) diacrylate (average Mn = 700 Da) (PEGDA), 

N,N'-methylenebisacrylamide (MBAAm), poly(ethylene glycol) (average Mn = 200 Da) (PEG 200), 
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acrylic acid (AA), lithium phenyl-2,4,6-methyl benzoyl phosphinate (LAP), Darocur 1173, trisodium 

citrate, poly(ethylene glycol) methyl ether thiol (average Mn = 6000 Da) (PEG-thiol), Tween 20, Pluronic 

F-127 and pyranine were purchased from Sigma Aldrich. Tetrachloroaurate trihydrate was purchased 

from Alfa Aesar. Sylgard® 184 elastomer kit (PDMS base and curing agent) was purchased from Dow 

Corning. All chemicals were purchased in standard purities as provided and used as received. Reverse 

osmosis water (MilliQ) was used for all experiments (18.2 MΩ at 25 °C). 1% w/w gold nanosphere 

(diameter 15 nm) colloidal solution was prepared using the citrate method reported in40 and 

subsequently incubated with 0.01% w/w PEG-thiol (ref.37). Gold nanorods with longitudinal plasmon 

resonance around 800 nm were prepared using seed-mediated method41. 

Precursor solutions 

Standard photoresponsive NIPAM hydrogel precursor was prepared as described previously 

(ref.13,37) by dissolving 37 mg NIPAM, 2.5 mg LAP, and 20 µL PEGDA in 100 µL of gold nanosphere 

solution. The more light-sensitive NIPAM hydrogel was prepared by dissolving 48 mg NIPAM, 8 mg 

MBAAm, and 1.5 mg of LAP in 100 µL PEG 200 and 30 µL of gold nanorods solution. Non-responsive 

PEGDA hydrogel precursor was prepared by dissolving 2.5 mg LAP in a mixture of 60 mg PEGDA and 

140 µL water. pH-responsive AA hydrogel precursor was prepared by dissolving 55 mg NIPAM, 25 mg 

MBAAm, and 1 mg LAP in a mixture of 182 µL of 25 % w/w Sodium Acrylate solution in water (pH 

adjusted to 7 with sodium hydroxide) and 138 mg PEG 200. All components of a particular precursor 

solution were mixed together, sonicated for 5 mins in a bath and subsequently centrifuged at 1000 rcf 

for 1 min to remove dust contamination.  

Microrobot Synthesis 

Microrobots were produced using the multi-stream stop-flow lithography technique described 

in42. Briefly: precursor solutions were introduced in 2 or 3 separate inlets and pumped into a 

microfluidic channel (400 µm wide, 30 µm deep). With the pressure removed, and flow stopped, UV 

light was focused through a photomask inducing polymerization of the precursor in a region defined 

by the photomask. The position and orientation of the photomask with respect to the laminar flows 

of the precursors was set to achieve the desired microrobot constitutions. After production, the 

channel was purged with 0.5% w/w Tween 20 solution and the microrobots were collected in PCR 

tubes. The sample was washed 4 times with fresh Tween 20 solution by sedimentation of the 

microrobots, removal of the supernatant, and replacement with fresh Tween 20 solution. ‘T’-shaped 

microrobots were subsequently transferred into mercaptoethanol (10 % v/v), Darocur 1173 (1 % v/v), 

and ethanol (89 % v/v) solution, kept under UV lamp for 2 hours to remove remaining acrylates (reason 

of which is discussed in Supplementary text S3) and were subsequently washed. 
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Microrobot Actuation 

Polystyrene lids of 96-well plates (purchased from Thermo Fisher Scientific) were used as wells 

for crawling experiments. Produced microrobots were sedimented in these circular, 0.3 mm high wells 

having 4 mm in diameter. Wells were then filled with aqueous surfactant solutions and covered with 

glass slide. The surfactant solution for bimaterial crawlers was Tween 20 (0.5 % w/w), as in ref.13. For 

the pH-responsive steering, Pluronic (5 % w/w) was used. All experiments were performed with a 

Nikon Ti-U inverted microscope.  For photo-induced pH change, 1 % w/w of pyranine in 5% Pluronic 

solution was used. For the high area global illumination experiments, a 3W NIR 808 nm laser diode 

was aimed directly at the sample with microrobots under the inline 45°, to avoid the transmitted light 

entering the objective. In the pH-steering experiments, a 1W green 532 nm laser diode was aimed to 

the sample using a custom-made setup comprising a 420 nm shortpass dichroic mirror and a shutter 

(Figure S5). When the shutter was opened, the laser beam was reflected by the dichroic mirror to the 

condenser lens (Figure S5). By changing the height of the condenser lens, the laser beam focus was 

adjusted to provide sufficient intensity for full contraction of crawlers, and with the spot size 

exceeding the dimensions of the crawler. Color filter was placed directly at the top of the objective to 

absorb the laser beam and prevent it from entering the objective. With ‘T’-shaped microrobots, the 

setup described above was used for their actuation while episcopic UV illumination was used for 

pyranine excitation and the associated pH decrease and microrobot shape change. 

 

RESULTS 

Head-tail symmetry breaking 

In our previous research, we induced directional motion with prismatic13 or disk-shaped37 

microgels by light-induced 1 DOF actuation comprising isotropic shrinkage and expansion of a section 

of their body. The microrobots are composed of thermo-responsive poly-N-isopropyl acrylamide 

(PNIPAM), made photo-responsive by the incorporation of gold nanoparticles. When a section of the 

robot body is illuminated by focused laser light, this section heats up, resulting in local shrinkage of 

the illuminated gel area. Upon cyclic pulse illumination, the rapid, out-of-equilibrium, shrinking and 

expansion processes yield a hysteresis in the properties of the surface of the gel which is exhibited as 

non-reciprocally varying friction coefficients between the gel and the surface. The result is a net 

displacement of the microrobot after each shrinking-expanding cycle, along the symmetry axis of the 

deformed body in the direction from the center of irradiation to the geometrical center of the shape. 
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Since illumination localization is responsible for the crawling direction, the use of unfocused light 

would result in isotropic actuation of an entire crawler and, hence, no net displacement over one 

actuation cycle. To remove the need for spatial localization of the beam spot, we broke the head-tail 

symmetry of the crawler's response to the light stimulus. To do that, we fabricated microgels (150 µm 

x 50 µm), composed of two segments – ‘tail’ (photo-responsive PNIPAM), and ‘head’ (non-responsive 

poly(ethylene glycol) diacrylate = PEGDA) (Figure 1).  When these crawlers are subjected to pulse 

illumination with a laser of a spot size exceeding the crawler size, their responsive segment exhibits 

actuation while the non-responsive segment volume remains unaffected by the illumination. This 

arrangement results in crawler motion. The friction coefficient between the PEGDA segment and the 

surface remains constant over the course of the actuation cycle, while that of the PNIPAM segment 

changes non-reciprocally, which results in the net displacement of the crawler. During collapse, the 

friction coefficient of the PNIPAM significantly decreases, below the value of PEGDA (Figure S1), and 

hence, the collapsing PNIPAM segment retracts towards the microrobot center (analogously to our 

previously described solely PNIPAM crawler). During subsequent expansion, the PNIPAM friction 

coefficient steeply rises above the value of PEGDA and, hence, the PNIPAM segment acts as an 

anchoring point, pushing the PEGDA section forward. The result is a net displacement of ~9 µm during 

one cycle (Figure 2A). 

To increase the illuminated area in which actuation (and concomitantly crawling) can be 

achieved, we optimized the previously used composition of the responsive section of the microgels to 

achieve a sharp volumetric transition at the lower critical solubility temperature (LCST). Furthermore, 

we increased the laser power from 200 mW to 3 W. With these changes we achieved a 25-fold increase 

of the active area (from ~0.03 to ~0.8 mm2 (Details in supplementary text S1)). All microrobots within 

the illuminated area display the same behavior, simultaneously crawling in the direction given by the 

orientation of their active and passive sections (Figure 1B). The crawling direction of the individual 

crawlers is independent of their position and orientation with respect to the center of illumination, 

they crawl along straight trajectories and when two crawlers hit each other, they can push each other.  
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Figure 1. A – Schematic representation of friction hysteresis-based locomotion. The friction 

coefficient of the actuating segment changes non-reciprocally along the actuation cycle, dropping 

steeply during the collapse phase, and rising steeply during the expansion phase, which results in a 

net displacement over the course of a cycle. The scheme displays a first cycle of a sequence, where 

the PNIPAM gel starts contracting from the equilibrium state. For consecutive cycles, the picture 1 is 

to be replaced by the picture 5 (more details in ref.13) B – Two crawlers actuated simultaneously and 

crawled from their original position in the direction of their PEGDA segment (bright) i.e. towards each 

other. Consequently, they meet each other and as a result of their physical interaction, they align their 

orientations and continue in the same direction. Note – the laser position has not been changed 

throughout the entire course of the experiment. The scale bar corresponds to 200 µm. 

 

Locomotion of bimaterial crawlers 

The embedding of the head-tail asymmetry in the geometry of the hydrogel crawler, instead of 

relying on spatial localization of the irradiation, allows a more proper analysis of the effectiveness of 

different designs of crawler. 

Our investigation focused on the effects of the ratio R/L between the length of the passive, PEGDA 

segment, R, and the length of the active, PNIPAM one, L. We developed a theoretical model of the 

crawler, discussed in detail in Supplementary Text S2, and fabricated a series of crawlers with different 

active-passive ratios. 
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The results are summarized in Figure 2, where we represent the displacement per irradiation 

cycle as a fraction of the length of the active segment. The displacement is clearly null for R/L=0 (only 

PNIPAM), but then increases steeply, reaching a plateau for ratios greater than R/L=2/3, 

corresponding to a displacement per actuation cycle of the order of 0.15 times the length L of the 

active segment. A comparable performance is then sustained for increasingly larger values of the ratio 

R/L, up to R/L=5 and, theoretically, above. We investigated this experimentally only up to R/L=5 

because we could produce maximally 300 µm long robots, being limited by the maximum achievable 

width of a microfluidic channel during the synthesis.  

The ability to push large passive front segments via relatively small active segment is particularly 

relevant, since the passive section of a robot does not need to serve just as an ‘anchor’ to simply break 

the head-tail symmetry of the crawler, but it can accommodate further robot functions. Indeed, our 

design is suitable for integration with additional, bulky functional regions that can be appended to the 

front without losing, nor significantly penalizing, the robot crawling ability.  

We observed inconsistencies in the displacement per irradiation cycle for every crawler, reflected 

by the large standard deviation error bars. We attribute this to microscopic defects on the polystyrene 

surface, as well as subtle inhomogeneities in the illumination conditions (point-spread function of the 

beam, flickering of the laser). Despite such variability and the complexity of the phenomenon, we are 

able, with a basic model, to capture the main effect inducing the locomotion of the microrobot and to 

qualitatively predict the trend for increasing ratios R/L. As we discuss partially in Figure 2 and further 

in Supplementary text S2, the observed variability in deformation and friction, although affecting 

quantitatively our prediction, maintains nonetheless a similar overall predicted behavior compatible 

with experimental data. 

The most interesting variation occurs in the value of the ratio R/L maximizing the rescaled 

displacement per cycle: the optimum is quite sensitive to the maximum friction coefficient 𝜇max 

obtained by PNIPAM in the cooling phase, whose value could be only partially estimated by sliding 

data since it corresponds to excessively slow speeds. Although the performance plateau is present for 

all admissible values of 𝜇max, the performance peak observed around R/L=2 is compatible only with a 

smaller range, thus improving our previous estimate on the coefficient (see Supplementary text S2 

and Figure S2). 
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Figure 2. A – Displacements of rectangular microrobots of varying aspect ratios during one 

shrinking-expanding cycle. The active, gold–loaded PNIPAM segment dimensions are always 50 × 50 

µm, while the passive PEGDA region length varies from 50 to 200 µm. All the crawlers provide 

directional motion upon cyclic illumination. Scale bar = 50 µm. B – Displacement Δ produced in one 

cycle rescaled with respect to the length of the active segment L, plotted in terms of the ratio R/L 

between the lengths R of the PEGDA segment and L of the PNIPAM segment (at room temperature). 

The black graph shows the experimental data, the red solid line our model prediction and the two red 

dashed lines the changes in our prediction for one standard variation in the maximum contraction of 

the PNIPAM segment. 

 

Robot Steering 

To enable steering of the microrobots without the need for localization of the stimulus, we 

appended a pH-responsive polyacrylic acid (PAA) segment to the robot head through simple 

modification of the stop-flow lithography fabrication procedure. Thus, steerable microrobots are 

composed of three gel segments – PNIPAM, PEGDA, and PAA – distributed as parallel stripes within 

the robot ‘T’-shape (Figure 3). The stripe orientation is slightly tilted with respect to the front edge of 

the ‘T’-shape. Therefore, one arm of the ‘T'-shape consists predominantly of the PEGDA gel, while the 

other consists of the PAA gel. When swollen, the PAA gel exhibits greater friction than the PEGDA, 
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when sheared along the substrate (Figure S1). Thus, the center of friction (see Supplementary text S2 

and ref.38 for detailed definition) of this front side is offset from the main left-right axis of the crawler 

towards the PAA arm. The forward force (FCR in Figure 3) – realized by the expanding PNIPAM segment 

– acts along the main left-right axis of the crawler, while the counteracting friction force (FFR in Figure 

3) is localized at the offset center of friction. As a result, a torque emerges between these two forces, 

and this torque is responsible for the forward motion of the crawler along a circular path in the 

direction of the PAA arm. 

The PAA shows pH-dependent volumetric change, collapsing to approximately 40 % of its original 

linear dimensions at a pH of 3.2 (Figure S3). In the collapsed state, only the PAA segment of the crawler 

is shrunk. Since its collapse is isotropic in x, y and, crucially, z direction, the PAA segment retracts from 

the surface and only the PEGDA segment remains in contact (Figure S4). Hence, the center of friction 

gets shifted to the PEGDA arm side and causes the robot to follow a curved path in the opposite 

direction i.e. towards the PEGDA arm side (Figure 3). The inverse volumetric change can be achieved 

by incorporating a basic monomer into the gel structure (e.g. 2-dimethylaminoethyl acrylate) instead 

of acrylic acid. Similarly, the pH range in which the volumetric change occurs does not need to be the 

same as we mentioned above, but it can be shifted by compositional changes of gel´s precursor 

solution. 

 

Figure 3. Crawler trajectory can be controlled by UV illumination of the experimental area. The 

rear end of the robot (green) is composed of gold-loaded PNIPAM and is responsible for its 

locomotion. The front side of the robot contains a segment of a pH-responsive gel (red), positioned 

slightly asymmetrically with respect to the robot's left-right symmetry. The greater friction of the pH-

responsive section means the robot’s center of friction is shifted to the right-hand side from the 

central left-right axis and the robot crawls along a curved trajectory (red lines). UV illumination of the 
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solution around the robot causes a drop in the solution pH, which results in the deformation of the 

pH-responsive segment away from the surface. The deformation moves the center of friction to the 

left-hand side from the robot's left-right symmetry axis, reversing the direction of the robots curved 

path (blue lines). The turning direction can be switched repeatedly by changing pH of surrounding 

solution (blue/red lines in the plot). The microscopy image is a montage of several images, displaying 

the robot's consecutive positions in time. The scale bar corresponds to 200 µm. 

 

To change the pH remotely, without disturbing the environment, a photoacid pyranine was 

dissolved in the solution. Under illumination with UV light, pyranine is excited, which decreases its 

pKa, causing a decrease in pH39 (Supplementary text S3). In this experiment, the robot was steered and 

powered by two global illumination sources – the defocused, 532 nm laser served as a power source 

for its actuation while 400 nm UV light was used to excite the pyranine, collapse the PAA segment and 

change the direction of robot’s locomotion. When left in the dark, the pyranine gradually relaxes back 

to its ground state, which is reflected in the pH increase. To deal with slow kinetics of this relaxation 

as well as partial photodegradation of pyranine (Supplementary text S3), we replaced part of the 

solution during this step with a fresh one. This returned the robot to its original shape and its original 

trajectory (in the direction of the PAA arm) was re-established. Alternating the respective low and high 

pH periods allowed us to navigate the robot over the substrate (Figure 3). We consider the presented 

single DOF steering system, with alternating left/right turning, a promising steering strategy, since 

accumulation of more DOFs in soft microrobots is inherently complicated. Similar 1 DOF strategy, 

relying on alternating left-right turning to achieve the desired direction, has been used to steer early 

remote controlled solid wing flying models, due to the cost of radio-controlled servo motors. 

 

CONCLUSION 

We present a soft light-powered and steered microrobot, that does not require spatial 

modulation of light for operation. The direction of robot motion is not coupled to the illumination 

position and proceeds along a straight line following the vector active segment – passive segment. 

This enables omnidirectional parallel motion of multiple robots found in the illuminated area. The 

experiments as well as theoretical analysis showed that even a small active segment is sufficient for 

moving a large front passive segment (R/L = 5). This enables the incorporation of further functionalities 

into the robot. We demonstrate a steering functionality, where a microrobot turning direction can be 

switched between left- and right-handed just by on/off UV illumination. As in the case of the actuation 

light source, the UV light does not need to be focused. This together provides a system, with no 
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constraints on the spatial distribution of the light sources, which firstly enables simultaneous 

operation of multiple robots and, secondly, may provide flexibility to the way light is brought to the 

robot. We believe that our approach may allow the operation of light-controlled robots outside strictly 

defined microscopic setups, where the light will be delivered to the robot by, for example, optical 

fibers. 
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Supplementary Figures S1-S9 

 

Supplementary videos 

Video S1 – Simultaneous crawling 

Video S2 – Bimaterial crawlers 

Video S3 – Steerable crawler 

 

Supplementary text S1: Increasing area of actuation 

The light intensity drops linearly with the illuminated area (i.e. with a square of the area diameter) 

and, thus represents the bottleneck for collective light-powered robot actuation. In the following 

section, we describe the optimization of the microrobot sensitivity toward light illumination, which 

allowed their collective actuation in the area of ~0.8 mm2. Stretching the area by a mere increase of 

the laser power would be unsafe and impractical, thus we coupled it to the change of the absorbing 

species and optimization of the temperature-induced collapse properties of the gel. Gold nanorods, 

used instead of currently used gold nanospheres, have longitudinal plasmonic band shifted to 

wavelength around 800 nm (ref.1), which is advantageous since affordable powerful NIR laser diodes 

can be easily purchased, which keeps our microscopic setup affordable and easy to install in any lab. 

The nanorods were synthesized according to standard procedure (ref.1), the 20.5 mL of the resulting 

nanorod colloid was washed twice with water (to 1 % of original concentration of CTAB), and 

incubated with 3 mg of PEG-thiol (ref.2) and subsequently concentrated to 30 µL, to be used in the 

pre-gel identically as gold nanospheres. 
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Next, we steepened the robot's volumetric response to the temperature changes, by replacing 

the hydrophilic PEGDA crosslinker with N,N'-methylenebisacrylamide (MBAAm). Since the PEGDA 

remained hydrophilic even at elevated temperatures, it was hindering the gel collapse. PEGDA-

crosslinked PNIPAM gels thus exhibited a gradual collapse occurring between 30 and 80 °C. By 

replacing the PEGDA crosslinker with MBAAm, the hydrogel reaches an almost completely collapsed 

state at 40 °C (Figure S6). However, this comes at a cost of increasing the time of re-swelling, it takes 

~5 s to re-swell compared to ~1.2 s (for 100 µm squares), which results in somewhat slower 

microrobots locomotion. The above-described changes in the robot composition and illumination 

resulted in a 25-fold increase of the active area to ~0.8 mm2, compared to the previously published 

design (ref.2). Notably, these composition changes go along with the design, previously described by 

others (ref.3).  

 

Supplementary text S2: Microgel-substrate friction and locomotion model for multi-material 

crawlers 

Microgel-substrate friction 

The friction force acts at every point of the sheared surface and depends on the local friction 

coefficient. A mean location of the distribution of friction over the sheared plane provides a point, we 

call ‘center of friction (CFr)’ in an analogy to the center of mass (CM). The resulting friction force exerted 

on the gel is allocated to this point. For uniform composition surfaces, the CFr is identical to CM. 

However, for surfaces, composed of more materials these two do not match (ref.4). In the case of the 

asymmetric ‘T’- shaped crawler, at high pH (pH = 4.4), i.e., in the swollen state, the PAA exhibits greater 

friction than the PEGDA and thus the center of friction is offset from the main left-right axis in the 

direction towards the PAA arm. Hence a torque emerges between the forward force of the expanding 

crawler ‘tail’ and the opposing friction force. As a result, the crawler follows a curved path in the 

direction of the PAA arm. 

We previously developed a method, to indirectly measure the frictional properties of the various 

compositions (PAA, PEGDA, PNIPAM) (ref.2). Briefly, disk-shaped microgels (100 µm diameter) of 

homogenous compositions were allowed to slide down an inclined (10°) surface. The velocity of the 

sliding disks is inversely proportional to the frictional forces between the gel and the surface (ref.2). 

The frictional properties of PNIPAM have already been studied in (ref.2): the sliding velocity u(t) of a 

PNIPAM disk subjected to a heating-cooling cycle shows hysteresis, which can be approximately 

described as a stop hysteresis operator, depicted in Figure S7 and behaving as follows. During the 

heating phase, the disk contracts and the sliding velocity increases as a linear function of the 
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contraction ratio λ=(current length)/(maximum length) until the maximum velocity umax = 5.1 µm/s is 

reached, such velocity is then maintained while the disk contracts further. Notably, since the process 

occurs at low Reynolds number regime, no inertia is present in the system and the forces acting on 

the disk (gravitational pull and friction) are always in equilibrium, so the disk acceleration is a 

consequence of the gradual decrease of the friction coefficient. During the following cooling phase, 

the disk expands and the sliding velocity decreases as a linear function of λ until a minimum velocity 

umin is reached, such velocity is then maintained until the disk recovers the initial length. The transition 

between maximum and minimum velocity, and vice versa, requires a change δ=0.2 in the contraction 

parameter λ. The value of umin is too small to be reliably measured with the sliding experiment, so in 

ref.2 it was estimated to be at most of the order of magnitude of 0.01 µm/s, but possibly slower. As 

we discuss later, the results of our crawling experiment are in agreement with a value of umin of 

approximately 0.03 µm/s. 

In the same setup, a PEGDA disk shows an intermediate friction coefficient, with a sliding velocity 

of about 0.77 µm/s. The sliding velocity of the swollen PAA disks is lower, than that of PEGDA disks, 

indicating higher friction of PAA, compared to PEGDA, which corresponds to the observation of the 

circular motion of the asymmetric ‘T’-shaped crawler in the direction of the PAA leg. At pH 3, in its 

fully collapsed state, the PAA disks first slide faster as a result of the increased thickness of their 

lubrication layer, formed by expelled water, and subsequently stop and become stuck, indicating the 

presence of strong frictional or adhesive forces. This observation appears contradictive to the 

observed steering direction of the ‘T’-shaped crawler, which, at low pH, turns in the direction of the 

PEGDA arm. As we describe in the main text, the large volumetric change of the PAA segment (to 40 % 

of its original linear dimension), which occurs isotropically in x, y and z is the reason. The PAA gel 

shrinkage in the z-axis and support of the PEGDA section cause it to detach from a surface as can be 

seen on the confocal image (Figure S4) of a fluorescently labeled crawler at low pH. 

Locomotion model for bimaterial crawlers 

We present here our model for the locomotion of the PNIPAM-PEGDA microrobot. As the 

locomotion occurs at low Reynolds number (ca. 10-3) we will neglect inertial terms. Moreover, as 

discussed previously (ref.2), we can neglect also the viscous drag, since it is much smaller compared to 

the friction with the surface.  Hence the evolution of the system will be determined by a balance of 

friction forces produced by the interaction of the hydrogel with the underlying surface and we 

therefore can model the crawler as a two-dimensional object, as shown in Figure S8. 

We assume the stretch ratio in the PNIPAM part to be uniform during the actuation cycle, so that 

we can denote its length as λ(t)L and its width as wλ(t)L, where λ(t)≤1 is a parameter representing the 
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contraction of the hydrogel, L the length at room temperature and w is a shape parameter. We denote 

with R the (constant) length of the passive PEGDA section, while its width is wL by construction. Since 

the model is symmetrical with respect to its longitudinal axis, we obtain a null transversal 

displacement and null torque, so we study only the longitudinal displacement of the crawler, which 

we describe with the longitudinal velocity V(t) of the passive section, i.e. of the head. As an actuation, 

we consider a cycle composed of a monotonic contraction and then expansion between λ=1 and 

λ=λ0<1 . We will focus primarily on contractions in PNIPAM sufficiently large to observe hysteresis in 

the friction coefficients, namely λ0<1- δ; this is the case also of our experiment, for which λ0=0.538.  

We denote with µ(t) the friction coefficient per unit area of PNIPAM at a time t during the 

actuation cycle, which is related with the sliding velocity u(t) discussed in the previous section through 

the equation 

𝑚𝑔 sin 𝜃 = 𝐴 𝜆2(𝑡)𝜇(𝑡)𝑢(𝑡) 

where A is the area of the disk in the rest configuration, m the buoyant mass of the disk and 𝜃 

the tilt angle of the slope. An analogous relation holds for the friction coefficient per unit area µPEGDA 

of PEGDA. 

Thus the balance of friction forces determining the locomotion of the microrobot is  

−𝜇𝑃𝐸𝐺𝐷𝐴𝑅𝑤𝐿𝑉 − ∫ 𝜇𝑤𝜆𝐿 [𝑉 − (𝐿 −
𝑠

𝜆
) 𝜆̇] 𝑑𝑠

𝜆𝑙𝑚𝑎𝑥

0

= 0 

Solving for V yields 

𝑉(𝑡) =
𝜇(𝑡)𝜆2(𝑡)𝑤𝐿2

2𝑤𝐿(𝜇𝑃𝐸𝐺𝐷𝐴𝑅 + 𝜇(𝑡)𝜆2(𝑡)𝐿)
𝐿 𝜆̇(𝑡) =

𝐿 𝜆̇(𝑡)

2(𝛼𝑢(𝑡) + 1)
 

where α is a parameter defined as 

𝛼 ≔
𝐴𝜇𝑃𝐸𝐺𝐷𝐴𝑅

𝑚𝑔 sin 𝜃 𝐿
 

We are interested in the total displacement Δ after one cycle (of duration T), namely 

Δ = ∫ 𝑉(𝑡)𝑑𝑡
𝑇

0

= ∫
𝐿 𝜆̇(𝑡)

2(𝛼𝑢(𝑡) + 1)
𝑑𝑡

𝑇

0

= ∫
𝐿

2(𝛼𝑢ℎ𝑒𝑎𝑡(𝜆) + 1)
𝑑𝜆 +

𝜆0

1

∫
𝐿

2(𝛼𝑢𝑐𝑜𝑜𝑙(𝜆) + 1)
𝑑𝜆

1

𝜆0

 

with 𝑢ℎ𝑒𝑎𝑡(𝜆) and 𝑢𝑐𝑜𝑜𝑙(𝜆) denoting the sliding velocity at a certain stage during the heating and 

cooling phase, see Figure S7. Considering large deformations of the PNIPAM, i.e. λ0<1- δ, and noticing 

that  
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∫
1

𝛼𝑢ℎ𝑒𝑎𝑡(𝜆) + 1
𝑑𝜆 =

1−𝛿

1

− ∫
1

𝛼𝑢𝑐𝑜𝑜𝑙(𝜆) + 1
𝑑𝜆

𝜆0+𝛿

𝜆0

 

we obtain 

Δ = ∫
𝐿

2(𝛼𝑢𝑚𝑎𝑥 + 1)
𝑑𝜆 +

𝜆0

1−𝛿

∫
𝐿

2(𝛼𝑢𝑚𝑖𝑛 + 1)
𝑑𝜆

1

𝜆0+𝛿

=
𝛼𝐿(1 − 𝛿 − 𝜆0)(𝑢𝑚𝑎𝑥 − 𝑢𝑚𝑖𝑛)

2(𝛼𝑢𝑚𝑎𝑥 + 1)(𝛼𝑢𝑚𝑖𝑛 + 1)
 

The value of Δ/L, namely the displacement produced in one cycle rescaled with respect to the 

length of the active segment, is plotted in Figure S2 in terms of the ratio R/L (appearing in the 

parameter α) between the lengths of the passive and active segments, showing also the effects of the 

variability on the λ0. We observe that for small deformations (i.e. λ0>1-δ) the displacement Δ would 

always be zero, whereas it grows proportionally to (1-δ-λ0), for deformations above the critical 

threshold.  

We also investigated which ratio R/L would be optimal, maximizing Δ/L. A simple calculation 

shows that 

(
𝑅

𝐿
)

optimal
=

𝑉𝑃𝐸𝐺𝐷𝐴

√𝑢𝑚𝑎𝑥𝑢𝑚𝑖𝑛

 

The optimal R/L ratio is very sensitive to the parameter umin, which means that, although we 

cannot obtain a precise a priori estimate of the optimal ratio, we can use it to improve a posteriori the 

bounds on the value of umin. As illustrated in Figures S2 and S9, arbitrarily small values of umin would 

place the performance peak at an arbitrarily large ratio R/L, which does not seem in agreement with 

the qualitative behavior observed. An optimal ratio of R/L=2, as observed experimentally, would 

correspond to umin = 0.029 µm/s, which has been selected to plot our Figures. For instance, a lower 

sliding speed as umin = 0.01 µm/s would produce a peak at R/L=3.54, which would steeply increase for 

even slower umin. Our crawling model can be therefore used to improve the previous estimate on the 

maximum friction coefficient 𝜇max of PNIPAM, since we can reasonably exclude the arbitrarily high 

values of 𝜇max corresponding to sliding speeds much lower than 0.01 µm/s, which were not excluded 

by the sliding measurements. 

 

Supplementary text S3: Pyranine photoacidity rate and reversibility 

To investigate the abilities of macroscopic pH changes mediated by pyranine, we directly 

measured pH with an electrode. Because we use for crawling experiments 0.3 mm high wells in which 

the electrode cannot be submerged, we used microtitration wells (12.3 mm high) for pH measurement 

and diluted the solution (41×) to achieve the same absorbance. Measured pH values are higher (pH = 
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5.33 before illumination) than with undiluted solution (pH = 4.20) but it is clear, that after 5 minutes 

of illumination, pH drops by almost two units (Figure S10). 

Originally, we intended to use this setup to induce the pH changes locally, which would allow 

decoupled steering of multiple crawlers. However, the pyranine excitation was too slow to achieve 

sufficient local pH changes, since the diffusion would be much faster, which we tested experimentally. 

When only a section of the experimental well was illuminated with the UV (circle 200 µm diameter, 

circle 50 µm diameter), no local pH changes were observed (detected as deformation of the crawler 

PAA arm in the illuminated area) and, instead, the pH in the whole well volume was affected (occurring 

proportionally slower, than when the entire well was illuminated) – i.e. crawlers in and outside the 

illuminated area were deforming simultaneously. For this reason, we limited our experimentation to 

the illumination of the whole sample area. Other, faster photoacid molecules were reported recently 

which would allow for the decoupled steering (ref.5,6). Since these are not commercially available, their 

synthesis and application are the subjects of our next study. 

It is also evident from Figure S10, that reversibility of pyranine excitation, detected as a pH 

increase, is very slow and only partial under our conditions. This irreversibility is most probably caused 

by redox changes of pyranine. Although it is referred to as highly photo-stable7, high concentration 

and long, intensive illumination might induce free-radical mediated decomposition of pyranine 

resulting in more acidic products8. To suppress above-mentioned degradation, we also tried 

conducting the experiment in an oxygen-free atmosphere, or the addition of a free-radical scavenger 

(pyrocatechol) which did not help in either case9. 

During illumination with green laser or concomitant solution heating, pyranine apparently forms 

radicals initiating further polymerization of microrobots, causing their irreversible shrinkage (similar 

to photopolymerization described in ref.10). For this reason, microrobots have been pretreated with 

mercaptoethanol to remove the double bonds in the gel, that have not been crosslinked during the 

fabrication11. 
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Supplementary Figures 

 

Figure S1. Sliding velocities of gels of various composition (PEGDA, PNIPAM at RT, PNIPAM at 

60 °C, PAA at pH = 4 and 6) and relative friction coefficients between substrate (polystyrene) and gels 

estimated by inversion of the sliding velocity values and relating to the PEGDA reference value 

corresponding to 1 (Supplementary text S2) 
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Figure S2. The rescaled displacement for actuation cycle for different values of the lengths ratio 

R/L, measured (black) and predicted for the following different values of umin (in µm/s): 0, i.e. infinite 

friction (a, blue), 0.005 (b, cyan), 0.01 (c, green), 0.02 (d, yellow), 0.03 (e, orange), 0.05 (f, red), 0.1 (g, 

purple). 

 

Figure S3. pH dependence of the relative linear size of the PAA-PNIPAM gel – the collapse 

transition of the gel corresponds to the pH change achieved by illumination of pyranine solution. 
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Figure S4. Confocal image of fluorescently labeled crawler – brighter part represents PAA gel and 

darker part is passive PEGDA gel (Scale bar = 50 µm) 

 

 

24

Light-responsive hydrogel microcrawlers, powered and steered with spatially homogeneous illumination



Figure S5. Setup for aiming and focusing green laser. The laser beam is reflected by a dichroic 

mirror, mounted above the condensor of the inverted microscope by a 3D printed holder. The 

condenser lens serves for its focusing. The dichroic filter (orange) at the bottom of the image rasts 

directly above the objective. 

 

Figure S6. Equilibrium diameter as a function of temperature of the PNIPAM gel crosslinked by 

PEGDA (circles) and N,N'-methylenebisacrylamide (squares). Both gels exhibit hysteresis between 

heating and cooling, which is commonly observed for PNIPAM (ref.12,13). 
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Figure S7. The hysteresis cycle in the sliding velocity of a PNIPAM disk during a heating (red) and 

cooling (blue) cycle as measured (solid) and the corresponding approximation (dashed) used in our 

model. Data from2. 

 

 

Figure S8. The model of microrobot used in Supplementary text S2. 

 

 

Figure S9. The behavior of the optimal ratio R/L, maximizing the rescaled displacement Δ/L per 

unit cycle, in terms of the parameter umin. 
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Figure S10. Evolution of pH in pyranine solution upon UV illumination and subsequent dark 

incubation 
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