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Abstract: Agile amphibious locomotion typically requires the implementation of distinct high-speed16

locomotion patterns across disparate environments, posing formidable challenges for insect-scale microrobots17

due to size limitation (body length less than 5 cm). In this study, we present an untethered and controlled18

amphibious microrobot measuring only 2.1 cm in length and weighing 1.69 g, capable of ultrafast locomotion19

on land and water surface. The microrobot utilizes a single set of actuators to generate an asymmetric vibration20

pattern for both terrestrial and aquatic locomotion. This pattern exploits resonance of the microrobot to21

achieve high agility while requiring only a structurally simple actuation mechanism. With onboard power and22

control units, the microrobot exhibits a maximum terrestrial speed of 32.5 cm/s (15.5 body lengths per second,23



BL/s), and a maximum aquatic speed of 11.3 cm/s (5.4 BL/s). Besides, the microrobot also demonstrates24

wireless controlled obstacle avoidance, and ultrafast turns with a maximum turning speed of 760°/s on the25

ground and 450°/s on the water surface. Employing bipedal alternating vibrations of two actuation26

mechanisms, the microrobot can realize untethered transitions between ground and water surface via a slope.27

These results establish this microrobot as the smallest and fastest amphibious microrobot reported to date28

capable of untethered and controlled locomotion across both terrestrial and aquatic environments, including29

the transitional region.30

Introduction31

Several insects, such as water striders1,2 and whirligig beetles3-5, achieve high-speed linear locomotion and32

rapid turns in both terrestrial and aquatic environments utilizing the same set of legs. These impressive33

capabilities have motivated researchers to develop insect-scale amphibious robots (body length less than 534

cm) that can achieve high-speed, untethered, and controlled locomotion6-9. To achieve high agility in both35

terrestrial and aquatic environments, the conventional scheme utilizes separate actuators and actuation36

mechanisms to implement motion patterns suitable for terrestrial and aquatic locomotion, respectively. Based37

on this scheme, a variety of large-scale untethered amphibious robots have been proposed10-12, with actuation38

mechanisms including limb movements with body undulations12,13, claws with swimmerets14,15, slapping and39

stroking of legs16, dual swing legs with antibias wheels17, flexible legs with adaptive shapes18-21, and vectored40

water jet thrusters with legs22-24. Despite its satisfactory performance, such a scheme becomes impractical at41

the insect scale because it relies on multiple actuators and complex onboard power electronics that are difficult42

to miniaturize25.43

To reconcile miniaturization with agility, insect-scale amphibious microrobots tend to employ a single set44

of actuators to drive both terrestrial and aquatic actuation mechanisms26,27. However, the substantial45

differences between terrestrial and aquatic environments make it difficult for motion patterns based on a46

single set of actuators to achieve high-speed locomotion in both environments simultaneously. For example,47



the HAMR microrobot employs one set of piezoelectric actuators to drive a crawling leg integrated with two48

flaps, generating an alternating tripod pattern for terrestrial and aquatic locomotion27. This pattern enables49

insect-like terrestrial locomotion, but in water, the low swing frequency of the flaps limits its speed. With a50

body length of 4.0 cm, HAMR achieves a terrestrial speed of 1.75 BL/s and an aquatic speed of 0.7 BL/s51

connected with an external power source27. Moreover, another microrobot, Leglessbot, utilizes an inertial52

driving pattern, in which a voice coil motor drives the body shell and fin arrays to produce propulsion force53

on the ground and water surface respectively28. Similarly, the pattern enables forward jumping on rough54

ground via the body shell, but the small-amplitude actuation of fin arrays results in low speed on the water55

surface28. With onboard power source and electronics, Leglessbot reaches 1.4 BL/s on land and 0.6 BL/s on56

water. Consequently, although substantial efforts have been devoted, no reported microrobot to date has57

achieved high-speed, untethered, and controlled amphibious locomotion simultaneously. To achieve high58

agility at the insect scale, it is necessary to develop motion patterns that not only rely on a single set of59

actuators but also simultaneously support high-speed terrestrial and aquatic locomotion.60

In this work, we present an insect-scale amphibious microrobot (2.1 cm, 1.69 g), capable of ultrafast,61

untethered and controlled locomotion on both ground and water surface, as well as water–land transitions. An62

asymmetric vibration pattern is proposed that exploits resonance to generate substantial propulsion forces on63

the ground or water surface and achieves insect-like agile locomotion. Furthermore, the motion pattern is64

enabled by simple actuation mechanisms that allow amphibious locomotion to share the same set of actuators,65

such as the mechanism in this work that combines a running leg and a swimming paddle. Consequently, this66

pattern not only allows shared actuators for miniaturization but also accommodates rapid locomotion on both67

land and water surface, thereby eliminating the need for a trade-off between size and agility. The crucial68

factors influencing the aquatic and terrestrial speed are investigated by modeling and experiments for69

optimization of the amphibious locomotion performance of the microrobot. An onboard power and control70

circuit is also designed to demonstrate untethered and controlled amphibious locomotion. Under wireless71



commands, the untethered microrobot exhibits a maximum aquatic speed of 5.4 BL/s and a maximum72

terrestrial speed of 15.5 BL/s. Furthermore, obstacles avoidance and transitions between the water surface73

and the ground have also been demonstrated by the untethered microrobot.74

Results75

Microrobot design and asymmetric vibration pattern76

Bioinspired microrobots emerge as promising tools for exploration and rescue in complex terrains and77

confined spaces7,29,30, which is further enhanced when amphibious locomotion is integrated into insect-scale78

platforms27,31,32. Fig. 1a shows the schematic diagram of an amphibious microrobot conducting simulated79

exploration tasks across terrestrial and aquatic terrains. Fig. 1b illustrates the presented amphibious80

microrobot (2.1 cm, 1.69 g) integrated with an onboard battery and a power and control circuit, floating on81

the water surface. It consists of a pair of linear electromagnetic actuators, a pair of actuation mechanisms82

integrating with a running leg and a swimming paddle, rear supporting legs, floating pads and a buoyancy83

tank (Fig. 1c). To realize miniaturization, the microrobot is designed to generate propulsions for amphibious84

locomotion by driving the integrated actuation mechanism via the same set of actuators. Directional control85

in both environments is enabled by two independent electromagnetic actuators arranged symmetrically within86

this set. When the two actuators operate at different amplitudes or phases, the microrobot can achieve87

clockwise or anticlockwise turns. The turning speed and radius can be controlled by adjusting the driving88

signals of the actuators. The mass of each component is presented in Supplementary Table 1.89

Considering the extra mass of onboard power and control units for untethered locomotion, two different90

buoyancy mechanisms are employed to support the whole body of the microrobot on the water surface. Fig.91

1d shows the water strider floating on the water surface via the tension from the long legs. In addition to92

surface tension, whirligig beetles employ partial body submersion as an alternative mechanism to produce93

supplemental buoyancy, which obviates the necessity of elongated legs3,33. Inspired by that, the microrobot94

also simultaneously employs surface tension from the floating pads and body buoyancy from the buoyancy95



tank to achieve flotation on the water surface, as shown in Fig. 1e. Furthermore, the four floating pads are96

connected via an X-shaped beam to establish the requisite stability of the microrobot on the water surface.97

98
Fig. 1. Structural design and asymmetric vibration pattern of the microrobot. a, Locomotion scene diagram of the microrobot99
in an amphibious environment, including forward movements/turns on water surface and ground, as well as bidirectional transitions100
between water surface and ground. b, Optical photo of an untethered microrobot integrated with a lithium battery and an onboard101
power and control circuit. c, Three-dimensional model to show the structural details of the microrobot. d, Schematic diagrams102
illustrating the buoyancy mechanisms of water striders on the water surface. e, Hybrid buoyancy mechanism employed by the103
microrobot: surface tension from the floating pads and buoyancy from the buoyancy tank. f, Diagrams illustrating the swimming104
mechanism of the whirligig beetle, based on alternating power and recovery phases. A larger propulsion area is achieved during the105



power phase due to expansion of the middle/hind legs and leg hairs. g, Diagrams illustrating the similar mechanism of propulsion106
generation for the microrobot on the water surface through the asymmetric vibration of the swimming paddle, which comprises a107
power phase and a recovery phase in each cycle. Unidirectional passive hinge enables backward-only rotation of the swimming108
paddle, yielding a larger propulsive area during the power phase. h, Enlarged schematic showing the operation mechanism of the109
swimming paddle with the unidirectional passive hinge. i, High-speed image showing the swimming locomotion of the microrobot,110
with the swimming paddle executing asymmetric vibration.111

To reduce the number of necessary actuators required while achieving rapid locomotion on both land and112

water, we propose an asymmetric vibration pattern that drives an integrated actuation mechanism composed113

of a running leg and a swimming paddle. The running leg is designed to be longer than the rear supporting114

leg, thereby tilting the body at a specific angle. During terrestrial locomotion, the tilt-induced asymmetry in115

leg vibration defines a power phase during the backward swing, in which the leg impacts the ground to116

produce propulsion; and a recovery phase during the forward swing, in which the leg swings through air with117

reduced drag. Consequently, a net propulsion force is generated within each vibration cycle, driving118

microrobot to move forward on the ground. As the vibration frequency of the running legs approaches the119

resonant frequency of the microrobot, the propulsive force becomes sufficient to induce periodic airborne120

phases, thereby enabling an ultrafast running gait7,34.121

To achieve agile aquatic locomotion, the microrobot also employs the asymmetric vibration generated by122

the swimming paddle, similar to that observed in whirligig beetles. As shown in Fig. 1f, one swimming cycle123

of a whirligig beetle consists of a power phase and a recovery phase. During the power phase, the middle and124

hind legs with “swimming hairs” of whirligig beetles can spread out under pressure and swing backwards,125

which results in a large contacting area and propulsion force. In contrast, middle and hind legs fold via joints126

to reduce contacting area and damping force during the recovery phase 3,33. Inspired by that, a swimming127

paddle with a unidirectional passive hinge is designed to generate asymmetric vibrations on the water surface,128

thereby achieving a similar swimming mechanism. As shown in Fig. 1g, the front leg is connected with two129

simply supported beams, which can be excited to vibration by the linear electromagnetic actuator. The130

operation mechanism of the swimming paddle under actuation of the actuator is shown in Fig. 1h. During the131

recovery phase, the front leg swings forward, and the swimming paddle swings backward around the132



unidirectional passive hinge under water damping force, which leads to a relative deviation angle α. During133

the power phase, the front leg swings backwards, and the swimming paddle swings forwards until α drops to134

zero due to the limitation of the unidirectional passive hinge (Fig. 1h). Therefore, the contact area of the135

paddle in power phase is larger than that in recovery phase, resulting in a net propulsion force to drive the136

microrobot swimming forward. To demonstrate the swimming mechanism, a tethered prototype was137

fabricated for aquatic locomotion test. The detailed description of the fabrication process is available in138

Materials and Methods, and Supplementary Fig. 1. As shown in Fig. 1i and Supplementary Movie 1, it is139

observed that the swimming paddle rotates around the hinge asymmetrically during the aquatic locomotion.140

Tethered aquatic locomotion performance141

The aquatic locomotion performance of microrobot is determined by the net propulsion force during the142

power phase and recovery phase. Based on the swimming mechanism analysis, the net propulsion force143

correlates with the difference in contact area between the power and recovery phases, which is a function of144

the maximum relative deviation angle αmax and the area of the paddle Apd. To improve the aquatic locomotion145

performance of microrobot, several key structural parameters of the paddle are selected to investigate the146

influence, including the geometric dimensions of the paddle (width wpd and height hpd), the thickness of the147

passive hinge (thg), and the relative height between the hinge and water surface (hhg).148

Figure 2a depicts the variations of the relative aquatic speed versus the actuating frequency under three sets149

of geometric dimensions of the paddle. For any set of geometric dimensions, the relative aquatic speed of the150

microrobot reaches its maximum near the resonance frequency, at which point angle αmax also attains its peak151

value (Supplementary Fig. 2). Furthermore, it is observed that an intermediate paddle size (3 mm ×2 mm)152

yields a superior moving speed. Under a large paddle size, the decrease in angle αmax predominates, resulting153

in a diminished speed at resonance. In contrast, the decrease in area Apd predominates under a small paddle154

size, which also results in dropping of the aquatic speed.155



156
Fig. 2. Parameter design and tethered aquatic locomotion of the microrobot. a, Measurements of the relative aquatic speeds of157
three prototypes with different paddle dimensions (2.5 mm×1.5mm, 3.0 mm×2.0 mm, and 3.5 mm×2.5 mm) versus the actuating158
frequency, with the current amplitude remaining constant. b, Measurements of the relative aquatic speeds of three prototypes with159
different hinge thicknesses (4 μm, 6 μm, and 8 μm) versus the actuating frequency, with the current amplitude remaining constant.160
c, Measurements of the relative aquatic speeds of three prototypes with different relative heights of the hinge (-1.0 mm, 0.0 mm,161
and 1.0 mm) versus the actuating frequency, with the current amplitude remaining constant. d, Simplified dynamical model of the162
microrobot to analyze the aquatic locomotion characteristics. e, Experimental and simulation results of the relative aquatic speed163
of the microrobot versus the actuating frequency. f, Simulation results of normalized relative aquatic speed versus the height of the164
paddle hpd and the thickness of the passive hinge thg. g, Optical photo of the tethered microrobot swimming forward with a relative165
speed of 5.5 BL/s when carrying a lithium battery (1200 mg). h, i, Optical photos of the microrobot achieving clockwise and166
anticlockwise turns on the water surface with a maximum turning speed of 370°/s and 280°/s respectively when carrying a lithium167
battery (1200 mg). j, k, Water surface waves generated by the microrobot during straight locomotion and clockwise turning. All168
error bars represent the standard deviation of three measurements.169



The thickness of the passive hinge also exerts a significant influence on the aquatic locomotion performance,170

which determined the torsional stiffness of the paddle, as shown in Fig. 2b. There also exists an optimal hinge171

thickness at which the microrobot achieves its maximum aquatic speed. Similar to a large paddle size, a larger172

thickness thg also results in a smaller angle αmax because of the high torsional stiffness of the paddle, leading173

to a lower locomotion speed. At a smaller thickness thg, it is observed that the swimming paddle achieves a174

larger angle αmax during the recovery phase, but fails to return to 0° during the power phase in every other175

actuation cycle (Supplementary Fig. 3). Consequently, the average angle αmax throughout the locomotion176

process is reduced relative to that under an optimal hinge thickness, which also degrades the locomotion speed.177

Fig. 2c depicts the frequency response characteristics of the relative aquatic speed under different height hhg,178

which determines the contact area between the swimming paddle and water. When hhg is equal to 0 (the hinge179

axis lies at the waterline), the microrobot can realize the largest propulsion area and the highest relative aquatic180

speed.181

To conduct parameters optimization for improving the aquatic locomotion performance, a simplified182

dynamic model of microrobot is established, as shown in Fig. 2d. It is assumed that two electromagnetic183

actuators are driven by the same current signals, resulting in purely linear forward motion of microrobot.184

Under this assumption, the microrobot is simplified as a system composed of two rigid bodies (Mf and Mpd)185

and a lumped mass (me). Mf represents the relatively stationary parts of the microrobot (such as the support186

frames and buoyancy tank), and Mpd represents the swimming paddle. The lumped mass me corresponds to187

the equivalent of the permanent magnet and the simply supported beams within the electromagnetic actuator.188

The hinge connecting Mf and Mpd is simplified as a unidirectional torsional spring. Three generalized189

coordinates are selected to establish the dynamic equations of the microrobot, including the translational190

displacement of Mf (x), the relative linear displacement of the concentrated mass me (s), and the relative191

angular displacement of Mpd (θs). The detailed discussion is shown in Supplementary Note 1.192



The performance characteristics of the microrobot can be evaluated based on the above dynamic model,193

such as the frequency response characteristics of the aquatic relative speed. As shown in Fig. 2e, the194

simulation trend aligns closely with the experimental data, validating the dynamic model. Based on the195

dynamic model, the paddle parameters are optimized for enhanced aquatic speed. The height of the paddle196

(hpd) and the thickness of the passive hinge (thg) are selected as the design parameters to be optimized, with197

the width of the paddle wpd constrained to maintain a constant proportion to hpd. Fig. 2f shows the normalized198

aquatic speed map of the microrobot. The color bar represents the magnitude of the normalized aquatic speed,199

with the red color area indicating the fastest speed. It is found that hpd near 2.0 mm and thg near 6.0 μm are the200

optimal values for achieving the fastest aquatic speed.201

To demonstrate the enhanced aquatic speed compared to the original prototype, one optimized prototype202

microrobot with optimized parameters was fabricated. During the aquatic locomotion test, a lithium battery203

(1200 mg) is mounted onboard the prototype but remains electrically disconnected, emulating the functional204

payloads required for untethered locomotion. Fig. 2g shows the optimized prototype swimming forward with205

a maximum speed of 11.5 cm/s (5.5 BL/s, Supplementary Movie 2), surpassing the performance of the initial206

prototype at 3.7 BL/s (Supplementary Movie 2). Benefiting from two independent actuators, the microrobot207

can also realize clockwise or anticlockwise turns with only one actuator activated. Fig. 2h and 2i show the208

prototype achieving the maximum turning speeds of 370°/s in the clockwise turning with a radius of 1.0 cm209

and 280°/s in the anticlockwise turning with a radius of 1.5 cm (Supplementary Movie 3).210

To investigate the fast aquatic moving mechanism, a high-speed imaging system is utilized to capture the211

water-surface morphologies during the aquatic forward and turn movements. During the reciprocating motion212

of the swimming paddle, it produces surface waves that radiated outward across the water surface. Owing to213

the unidirectional passive hinge, the swimming paddle vibrates asymmetrically near the water surface,214

resulting in differential wave amplitudes in the forward and backward directions. To facilitate observation of215

the surface waves, the microrobot under single-actuation mode is examined first. As shown in Supplementary216



Fig. 4, with the paddle oscillation frequency approaching the resonant frequency of the microrobot, the wave217

amplitude in the forward direction gradually decreases. The decrease indicates a reduction in the force exerted218

by the paddle on the water surface in the forward direction, and consequently a decrease in the backward219

reaction force from the water onto the paddle. In contrast, the wave amplitude in the backward direction220

exhibits no discernible change. The resulting net propulsive force therefore increased with frequency221

increasing, revealing the hydrodynamic mechanism by which the microrobot achieves its maximum speed222

near the resonant frequency.223

A further comparison is made between the optimized and original prototypes regarding their free-surface224

wave behavior near resonance. Relative to the initial prototype, the optimized prototype exhibits markedly225

more vigorous and even fragmented surface waves at the backward direction as the paddle actuation frequency226

approaches the resonance frequency of the microrobot, thereby enabling significantly enhanced propulsive227

effect and aquatic speed.228

Controlled untethered aquatic locomotion229

Operation in most natural environments requires the amphibious microrobots to be untethered. Owing to230

the challenge of integrating onboard power units at small scales, untethered locomotion remains a major231

challenge of amphibious microrobots. Benefiting from the low operation voltage of the linear electromagnetic232

actuators and the reduced demand of voltage signals inherent to a unified amphibious actuation mechanism,233

the onboard power electronics of microrobot can be substantially miniaturized. Fig. 3a shows a compact234

power and control circuit with two independent voltage signals (555 mg, 17.5 mm × 14.5 mm). The circuit is235

arranged in an elliptical pattern to match the profile of the microrobot. A wireless embedded microprocessor236

is utilized to receive remote control instructions and adjust the frequency of the output voltage signals. The237

mass and quantity of the electrical components used in the circuit are shown in Supplementary Table 2.238



239
Fig. 3. Controlled untethered aquatic locomotion of the microrobot. a, Top view and bottom view of the power and control240
circuit board. b, c, Optical photos of the microrobot achieving clockwise and anticlockwise turns on the water surface with a241
maximum turning speed of 450°/s and 360°/s respectively. The red dotted lines represent the angular displacements of the242
microrobot in 0.6 s. d, Optical photo of the microrobot swimming linearly on the water surface with a maximum speed of 5.4 BL/s.243
The red dotted lines represent the locomotion displacements of the microrobot in 2.5 s. e, The scenario of the microrobot crossing244
a 100 cm-by-60 cm water pool scattered with simulated aquatic plants and lotus leaves under remote control, then returning to the245
starting point along a different path. f, Optical photos of the microrobot approaching, pushing away, and detaching from floating246
wooden blocks that are 6.6 times heavier than the microrobot itself.247

Based on the circuit, an untethered microrobot was fabricated to demonstrate controlled and untethered248

amphibious locomotion, including clockwise/anticlockwise turns and straight forward motion. On the water249

surface, the microrobot can achieve a maximum turning angular speed of 450°/s in the clockwise direction250

and 360°/s in the anticlockwise direction, as shown in Fig. 3b and 3c (Supplementary Movie 4). Fig. 3d shows251



that the microrobot can achieve a maximum straight moving speed of 5.4 BL/s on the water surface252

(Supplementary Movie 4).253

Under remote control instructions, the microrobot is capable of traversing complex water surface254

environments cluttered with numerous obstacles by employing two distinct strategies: navigating around255

immovable obstacles or pushing away lightweight floating obstacles in the path. A simulated water pool (100256

cm by 60 cm) was constructed to evaluate the obstacle avoidance capability of the microrobot (Fig. 3e). To257

emulate a natural cluttered water surface, simulated lily pads and aquatic plants were distributed throughout258

the pool as obstacles. The microrobot successfully navigated around the simulated lily pads and aquatic plants,259

traversing from the lower left corner to the upper right corner of the pool, with red dotted lines representing260

the moving trajectory. Subsequently, the microrobot returned to the left side of the pool via a distinctly261

different trajectory. During the entire traversal, a total of 31 turning maneuvers and 32 straight forward262

movements are executed by the microrobot (Supplementary Movie 5).263

The microrobot can adopt an alternative strategy to traverse an obstacle by pushing it away directly,264

provided the obstacle is lightweight. In this scenario, several wooden blocks floating on the water surface are265

placed in the forward path of the microrobot. Fig. 3f shows that the microrobot successfully pushed away a266

wood block weighing 6.6 times (11.3 g) its own body weight. Once the passage is cleared, the microrobot can267

detach from the wood block via a sequence of turning and forward movements (Supplementary Movie 6).268

Terrestrial locomotion performance269

Terrestrial locomotion speed constitutes an equally important aspect in assessing the overall performance270

of an amphibious microrobot. A simplified dynamic model (see Supplementary Note 2 and Supplementary271

Fig. 5) is also established to investigate the influencing factors of the terrestrial locomotion performance of272

microrobot, including the frequency (fa) and amplitude (Ia) of the current signals applied to the actuators, and273

the payload mass (mp). A plastic board is employed as a substrate to evaluate the terrestrial locomotion274

performance of the microrobot.275



276
Fig. 4. Terrestrial locomotion performance of the microrobot. a, Experimental and simulation results of the relative terrestrial277
speed of the tethered microrobot versus the actuating frequency. b, Experimental and simulation results of the relative terrestrial278
speed of the tethered microrobot versus the actuating current amplitude. c, Experimental and simulation results of the relative279
terrestrial speed of the tethered microrobot versus the payload mass. All error bars represent the standard deviation of three280
measurements. d, Optical photo of the tethered microrobot moving forward with a relative speed of 11.9 BL/s on a plastic board281
when carrying a lithium battery (1200 mg). e, Optical photo of the tethered microrobot achieving clockwise turning on the plastic282
board with a maximum turning speed of 470°/s under a payload mass of 1200 mg. f, g, Optical photos of the untethered microrobot283
achieving clockwise and anticlockwise turns on a plastic board with a maximum turning speed of 760°/s and 470°/s respectively.284
h, Optical photo of the untethered microrobot running linearly on the plastic board with a maximum speed of 15.5 BL/s. i, Optical285
photo showing the untethered microrobot moving on a slope of 4° via a bipedal alternating relay climbing strategy.286

Similar to aquatic locomotion, experimental and simulation results both indicate that the microrobot attains287

its maximum terrestrial speed near the resonance frequency on the plastic board (as shown in Fig. 4a), which288



differs with that on the water surface. Fig. 4b shows the experimental and simulated variation trend of the289

terrestrial speed versus Ia, which increases generally with the increase of Ia. However, as Ia continues to rise,290

the terrestrial speed began to decline instead, due to the saturation of the electromagnetic driving force.291

Given that task execution typically requires the microrobot to transport functional payloads, characterizing292

the effect of payload mass on locomotion performance is essential. Throughout the characterization process,293

Ia remains constant (0.15 A) for a given payload mass. The frequency fa is swept to identify the resonance294

frequency corresponding to the payload mass, from which the maximum attainable speed is subsequently295

derived. Fig. 4c shows the experimental and simulated maximum attainable locomotion speeds as the payload296

mass varied from 0 mg to 1600 mg. The progressive increase in friction results in a decline of the peak speed297

of the microrobot near resonance as the payload mass rises. Supplementary Fig. 6a shows the microrobot can298

achieve a maximum relative speed of 19.5 BL/s under a payload of 0 mg (0.15A), while the speed drops to299

7.3 BL/s under a payload of 1200 mg, which is the estimated mass of the power and control units for300

untethered locomotion. Furthermore, an elevated current amplitude contributes to an improved locomotion301

speed of the microrobot when subjected to a large payload mass. When the current amplitude rises to 0.2A,302

the microrobot can achieve a maximum relative speed of 11.9 BL/s under a payload of 1200 mg, as shown in303

Fig. 4d and Supplementary Movie 7.304

Similar to aquatic locomotion, the microrobot can also realize agile clockwise/anticlockwise turns by305

switching the activation of two independent actuators. On a plastic board, the microrobot demonstrates a306

maximum turning angular speed of 580°/s in the clockwise direction and 570°/s in the anticlockwise direction307

under a payload of 0 mg, as shown in Supplementary Fig. 6b, S6c and Supplementary Movie 8 (0.15 A).308

Under a payload of 1200 mg, the microrobot can also achieve a maximum clockwise turning speed of 470°/s,309

as shown in Fig. 4e and Supplementary Movie 8 (0.20 A). The anticlockwise turn of the microrobot under a310

payload mass of 1200 mg is shown in Supplementary Fig. 6d.311



The microrobot integrated with the power and control units can also accomplish fast running movements312

on the ground. A plastic board is utilized to investigate the terrestrial locomotion performance of the313

microrobot. Fig. 4f and 4g shows the microrobot achieving a maximum turning angular speed of 760°/s in the314

clockwise direction and 470°/s in the anticlockwise direction (Supplementary Movie 9). When two315

electromagnetic actuators are both activated, the microrobot achieved a maximum straight forward running316

speed of 15.5 BL/s, as shown in Fig. 4h and Supplementary Movie 8.317

As the terrain in practical scenarios tends not to be flat, the slope-climbing performance of the microrobot318

has also been evaluated. Due to the additional weight introduced by the power and control units, sustained319

uphill locomotion is difficult to achieve for the microrobot with two actuators activated. Accordingly, a320

bipedal alternating relay climbing strategy is introduced for slope-climbing. It is observed that diagonally321

upward movements with short distance on a slope can be achieved by the microrobot with only one front leg322

actuated. Therefore, the microrobot can realize continuous slope climbing by sequentially activating the323

actuators of the left front leg and the right front leg. As shown in Fig. 4i and Supplementary Movie 10, the324

untethered microrobot demonstrated a 4° slope ascent within 30 s.325

Transitions between water and land326

Transitions between water and land constitutes a critical requirement for amphibious microrobots. While327

the amphibious microrobot is capable of terrestrial and aquatic locomotion independently, the key challenge328

resides in the transition across the transitional boundary between water and land, which is actually another329

new terrain.330

When traversing the boundary region, the microrobot inevitably enters or exits the water surface, and thus331

frequently operates in a partially submerged state. Therefore, mobility evaluation is essential for amphibious332

microrobots under these partially submerged, hydrodynamically loaded conditions. Supplementary Fig. 7a333

and 7b show the generated propulsion force of the microrobot in a partially submerged state with different334

submergence depths (3 mm and 6 mm). As submergence depth increases, the forward locomotion of the335



microrobot transitions from the foreleg-only propulsion to a combined foreleg-paddle propulsion, because the336

paddle immerses progressively into the water (Supplementary Fig. 7c). Furthermore, increased submergence337

depth introduces two competing effects: reduced leg-ground frictional resistance resulting from enhanced338

buoyancy, and elevated hydrodynamic drag.339

340
Fig. 5. Transitions between water and land for the microrobot. a, Measurements of the relative speed of the microrobot versus341
the height of the water surface in a partially submerged state. All error bars represent the standard deviation of three measurements.342
b, Optical photo of the tethered microrobot moving forward at a maximum speed of 5.4 BL/s at a submersion depth of 8 mm, with343
the front leg and swimming paddle jointly generating propulsion. c, Side view showing the untethered microrobot continuously344
traversing water surface, water-land transition, and ground in 81.0 s via a transitional slope. d, e, Overhead view showing the345
untethered microrobot continuously transitioning from water to ground and from ground to water.346

A water pool (60 cm × 40 cm) is employed to characterize the locomotion performance of the microrobot347

under varying submergence depth. As shown in Fig. 5a, the relative moving speed reaches a minimum at an348

intermediate water level (5 mm) before recovering, with increasing submergence depth. The initial decline in349



speed at lower submergence depths can be attributed to the predominance of increasing hydrodynamic drag.350

Beyond a critical submergence depth, the speed begins to rise, resulting from the friction reduction and the351

extra thrust generated by the swimming paddles. At the maximum submergence depth of 8 mm, the352

microrobot can achieve a locomotion speed of 5.4 BL/s (Fig. 5b and Supplementary Movie 11).353

We further investigate how the microrobot crosses the water–land boundary under a partially submerged354

state completely, starting from either water surface or land. Since shorelines in natural environments are often355

sloped, a partially submerged slope is adopted as a simplified experimental scenario. Constrained by size356

limitations, amphibious microrobots face considerable difficulty in developing effective locomotion strategies357

specifically for the sloped boundary. Benefiting from the capabilities of water traversal and slope ascent, the358

microrobot is capable of accomplishing the water-land transitions via the partially submerged slope, where359

the microrobot can employ the bipedal alternating relay climbing strategy. Fig. 5c shows the lateral aspect of360

the water-to-land transition, depicting the microrobot swimming on the water surface, then traversing the361

submerged slope, and eventually emerging onto the terrestrial plane. Subsequently, the microrobot reversed362

its orientation, descending from the terrestrial plane back to the water surface. A complete bidirectional water-363

land transition cycle is recorded by Fig. 5d and 5e (overhead view) and Supplementary Movie 12.364

Discussion365

We demonstrated here an insect-scale (2.1 cm, 1.69 g), untethered, and controlled amphibious microrobot366

with high agility on both water surface and ground. The microrobot employs an asymmetric vibration pattern367

for amphibious locomotion, realized by two symmetrically arranged actuation mechanisms, each integrating368

a running leg and a swimming paddle. When two actuators are activated simultaneously, the microrobot can369

realize both fast untethered straight locomotion on the water surface (5.4 BL/s) and ground (15.5 BL/s). Rapid370

turning with small radius is realized by driving only one actuator, thereby generating asymmetric propulsion371

for steering. The maximum turning speeds of the untethered microrobot on the water surface and ground are372

separately 450°/s and 760°/s. Furthermore, the untethered microrobot can also achieve bidirectional373



transitions between the water surface and ground via a slope. To further compare the locomotion performance374

of the microrobot with that of other insect-scale amphibious microrobots quantitatively, we select relative375

linear running speed and energy conversion efficiency as two performance indicators.376

Owing to size constraints, existing amphibious microrobots are typically powered by external power377

sources or energy fields. Even with the integration of onboard power and control units, the mobility of the378

microrobots remains limited in terrestrial or aquatic environments, owing to the high ground friction or379

hydrodynamic drag. Fig. 6a and 6b presents the comparison of the relative moving speed with respect to the380

body length for several amphibians35-38 (blue triangles), reported untethered amphibious381

robots12,14,17,19,22,23,26,28,39-45 (orange circles), reported tethered amphibious robots20,24,25,27,31,32,46-54 (purple382

diamonds), and the microrobot (red pentagram). Detailed data for performance comparison is provided in383

Supplementary Table 3.384

Based on the comparisons, it is concluded that the untethered microrobot achieves the minimal dimension385

among existing tethered and untethered robots, while exhibiting superior locomotion agility across both386

aquatic and terrestrial environments, even when scaled to a body length of 1 m. In particular, we perform a387

comprehensive comparison of the microrobot with several other amphibious microrobots (body length < 6.0388

cm) presented in recent years, as shown in Table 1. The microrobot is the only insect-scale untethered system389

that achieves complete wireless controlled amphibious locomotion. When comparing with amphibians, the390

microrobot also outperforms larger species (such as green turtles) in aquatic and terrestrial locomotion agility,391

matching the performance of those with similar size (Lizard, Anolis Sagrei, 5 cm).392

Table 1. Comparison of this work and other amphibious microrobots with body length less than 6.0 cm.393

Robot
description

Body length
(mm)

Total
mass
(g)

Terrestrial
speed
(BL/s)

Aquatic
speed
(BL/s)

Untethered Controlled Aquatic–terrestrial
transition

This work 21 1.69 15.5 5.4 Yes Yes Bidirectional

HAMR27 40 1.6 1.75 0.7 No Yes Bidirectional

Leglessbot28 55 24.0 1.4 0.61 Yes Yes Unidirectional

SAM25 45 1.4 3.4 2.02 No Yes Unidirectional

AISR54 44 1.66 2.44 1.2 No No Bidirectional



394
Fig. 6. Locomotion performance comparison of the microrobot with natural creatures and other amphibious robots. a,395
Comparison of terrestrial relative speed versus the body length with selected amphibious creatures (blue triangles), tethered396
amphibious robots (purple diamonds), untethered amphibious robots (orange circles) and the untethered microrobot (red pentagram).397
b, Comparison of aquatic relative speed versus the body length with selected amphibious creatures (blue triangles), tethered398
amphibious robots (purple diamonds), untethered amphibious robots (orange circles) and the untethered microrobot (red pentagram).399

The energy conversion efficiency of the microrobot during aquatic or terrestrial locomotion is evaluated400

using the cost of transport (CoT), which is defined as:401

inCoT P
mgv

 (4)402

where Pin is the power input of the onboard battery for the untethered prototype, m is the total mass (1.69 g),403

g is the standard gravity, and v is the moving speed on the water surface or the ground. During the aquatic404

locomotion, the maximum speed of the microrobot is 11.3 cm/s, with a total power consumption of 1.976 W405

(3.8 V, 0.52 A). Therefore, the CoT value is calculated to be 1056. During the terrestrial locomotion, the406



maximum speed of the microrobot is 32.5 cm/s. Therefore, the CoT value is calculated to be 367. The CoT407

of the microrobot is higher than the HAMR driven by piezoelectric actuators (83.9 for terrestrial locomotion55),408

which is primarily influenced by the large current flowing through the circuit board and the low actuation409

efficiency of the electromagnetic actuators. Considering that the presented asymmetric vibration pattern and410

actuation mechanism in this work is also applicable to other linear actuators, it offers a promising route for411

other insect-scale legged microrobots.412

Future research will focus on improving adaptability of the microrobot to unstructured terrestrial terrains413

(such as sand, muddy ground, and grassy surfaces) by developing adaptive structural designs of the front leg414

within the unified actuation mechanism. In addition, integrating an onboard visual sensing system and415

developing autonomous locomotion control strategies are critical to elevating the operational capability of the416

microrobot in real unstructured amphibious environments.417

Method418

Fabrication of the microrobot419

The microrobot features a modular architecture, including the unified actuation mechanism for crawling420

and swimming, the main body, buoyancy tank, linear electromagnetic actuators, rear legs, and floating pads.421

Most modules are fabricated via laser cutting (Han’s Laser UV3C, 3 W in power, and 355 nm in wavelength,422

China) and manual assembly, as shown in Supplementary Fig. 1.423

The unified actuation mechanism consists of a front leg and a swimming paddle, which is fabricated424

through a laser micromachining and lamination process (SCM, smart composite microstructures)56. It is425

monolithically released from a single laminate composed of seven layers via laser cutting (Supplementary426

Fig. 1A), including three 150-μm-thick carbon fiber layers, three 12.5-μm-thick adhesive layers, and a 6-μm-427

thick polyimide layer (Supplementary Fig. 1B). The rear legs are made of Ni-Ti alloy wire with a diameter of428

120 μm. Two prototypes of the unified actuation mechanism with different dimensions are presented in429

Supplementary Fig. 1C.430



Both the main body and the buoyancy tank consist of three support frames. The frames are all laminated431

by an inner supporting layer cut from 150-μm-thick carbon fiber plates, an intermediate bonding layer cut432

from 12.5-μm-thick adhesive films (DuPont™ Pyralux® LF1500), and an outer waterproofing layer cut from433

20-μm-thick polyimide films (DuPont™ Kapton® CR). The side supporting frame is first shaped into a434

curved profile to minimize hydrodynamic drag, and then glued with the top and bottom frames together with435

the assistance of mounting holes and flanges to ensure installation accuracy, as shown in Supplementary Fig.436

1D.437

The linear electromagnetic actuator consists of a hollow coil, a permanent magnet, two simply supported438

beams, and support frames. The permanent magnets (N52) and hollow coils wound by copper wire are both439

commercial products. The simply supported beams are made of Ni-Ti alloy wire with a diameter of 120 μm440

due to the high strength and low flexural rigidity. The support frames utilized to fix the hollow coil and441

permanent magnet are cut from 150-μm-thick carbon fiber plates.442

The floating pad consists of four circular pads and an X-shaped beam, which is monolithically released443

from a laminate composed of three layers, including a 150-μm-thick carbon fiber layer, a 12.5-μm-thick444

adhesive layer and a 20-μm-thick polyimide layer. The hydrophobic polyimide layer is positioned at the445

bottom, directly contacting the water surface to generate surface tension.446

Following fabrication of all constituent modules, the complete microrobot is manually assembled. Two447

symmetric linear electromagnetic actuators are fixed in the main body via the support frame of the hollow448

coil, with the simply supported beams extending out of the main body. Then, two actuation units are449

symmetrically glued on the simply supported beams. Next, the floating pad is glued on the buoyancy tank,450

sharing a common center point. Finally, the main body is fixed on the buoyancy tank with the assistance of451

mounting holes and flanges.452



Power and control electronics453

A power and control circuit with ellipse-shaped electronics substrate is designed to realize the untethered454

and controlled locomotion of the microrobot. The circuit comprises three functional modules: a voltage455

regulation unit, a control unit, and a power output unit. The voltage regulation unit incorporates two input456

pads for battery connection and two voltage regulators: one supplying 3.3 V to the control unit, and the other457

delivering 1.2 V to the power output unit. The control unit, based on the BLE SoC (Bluetooth low-energy458

system-on-chip; CC2640R2F, Texas Instruments), generates two PWM signals to control the power output459

unit. The power output unit consists of two H-Bridge drivers, a Schmitt-Trigger inverter, and four output pads.460

The four output pads can provide two independent voltage signals with variable frequencies. On the back side,461

there are two voltage regulators and a MEMS microphone. The surface of the PCB board is 143mm2. The462

mass and quantity of the electrical components used in the circuit are shown in Supplementary Table 2.463

Experimental setup for transition demonstration of water and land464

To demonstrate the bidirectional transition between water surface and land, an experimental setup is465

constructed. The experimental setup comprises an acrylic tank (40 cm by 60 cm) to simulate the aquatic466

environment and a plastic board (20 cm by 30 cm) to serve as the ground. The plastic board is placed at a 5°467

incline within the acrylic tank. Its lower end is supported by a wooden block adhered to the tank floor, while468

its upper end rested on the rim of the tank, resulting in approximately half of its surface being submerged.469

The prototype microrobot is initially placed on the water surface at the left side of the tank. Guided by remote470

commands, the microrobot traversed from the water surface onto the emergent right side of the sloped plastic471

board, executed a 180° rotation, and subsequently returned from the plastic board to the water surface on the472

left side.473

Measurement of power consumption474

The power consumption of the microrobot is defined as the input power of the power and control circuit,475

which is powered by an onboard lithium battery (40 mAh). A 1-ohm resistor is inserted between the negative476



side of the battery and the power and control circuit to measure the current. During the measurement, the477

robot remained stationary, yet the drive signal supplied by the circuit is identical to that used for achieving its478

maximum locomotion speed.479

Statistical analysis480

All data are expressed as either the means or the means ± standard deviation, unless specified differently.481

The number of samples is given in the figure captions.482

Data availability483

All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary484

Materials.485

Code availability486

The code used in this paper is available upon any reasonable request.487
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Supplementary Notes 1-215

S1. Dynamical model of the microrobot under aquatic locomotion mode16

A simplified dynamic model is developed to investigate the locomotion characteristics of the microrobot17

on the water surface, which consists of two rigid bodies Mf (relatively stationary parts including support18

frames, buoyancy tank, and rear legs) and Mpd (swimming paddles), a lumped mass me (equivalent of the19

permanent magnet and the simply supported beams within the electromagnetic actuator), as shown in Fig. 2d.20

Several simplifications are adopted to highlight the governing influence of design parameters of the21

swimming paddle:22

(1) The actuation mechanism engages with the water surface via two components: the front legs and the23

swimming paddles. When the microrobot floats on the water surface, the front legs are oriented perpendicular24

to the water surface. Their swinging motion is theoretically symmetric, yielding zero net propulsive force.25

Therefore, the front legs are excluded from the dynamic model of the microrobot, with only the swimming26

paddles taken into account.27

(2) The output parameters of the two electromagnetic actuators are the same. Therefore, two swimming28

paddles connected with two actuators respectively are simplified to one rigid body Mpd.29

(3) The unidirectional passive hinge of the swimming paddle is simplified as a torsional spring (kθ)30

exhibiting asymmetric elastic and damping coefficients between clockwise and counterclockwise rotations.31

(4) On the water surface, the vertical degree of freedom of the microrobot was omitted in favor of its32

forward degree of freedom.33

We utilize the Lagrangian method to establish the dynamical equations of the microrobot. Three generalized34

coordinates qi (i = 1, 2, 3) are selected to characterize the locomotion of the microrobot: x, s, and θs. x is the35

lateral displacement along the x-axis for the COM of Mf in the inertial coordinate system (x-o-y). s is the36
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relative displacement of me with respect to Mf along the x-axis. θs is the swing angle of Mpd relative to Mf.37

The Lagrange function can be given as:38

i
i i

d L L Q
dt q q
 

 
 

(1)39

2
pd pd pd pd s pd pd s s 1

2 2
pd pd pd pd s pd pd s s 2

2
pd pd s pd pd s pd pd pd s 3s

2 2 2 2 h cos h sin
2 2 2 2 h cos h sin 2

h cos h cos 0.5 h 2

m M m m m T m x m F
m m T m m T m T s m T ks F

m m T m J k F

  
  

  

       
              
          





(2)40

where m, M and mpd are the masses of me, Mf and Mpd; T is the displacement transmission ratio from the41

actuator-connected end to the paddle-attached end of the simply supported beams; Jpd is the moment of inertia42

of Mpd; hpd is the height of Mpd; k is the elastic coefficient of the simply supported beams; k is the torsional43

elastic coefficient of the passive hinge of the swimming paddle; F1, F2, and F3 are the generalized forces44

associated with three generalized coordinates. Their explicit expressions are:45

1 af wf pd

2 EM am pd

pd3

T
F F F F
F F F F

TF

   
       
     

(3)46

where Faf and Fwf are the air and water damping forces applying on rigid body Mf respectively; Fpd and Tpd47

are the water damping force and torque applying on rigid body Mpd respectively; FEM is the electromagnetic48

force applying on the lumped mass me; Fam is the air damping force applying on the lumped mass me.49

The three damping forces, Faf, Fam, and Fwf, in Eq. (3) exhibit similar functional form:50

 
 

 

2
af a af air

2
am a m air m m

2
wf w1 wf water

0.5 sgn

0.5 sgn

0.5 sgn

F C A x x

F C A x x

F C A x x







  
  
  

 

 

 
(4)51

where Ca is the air damping coefficient; ρair is the density of air; Aaf is the cross-sectional area of the portion52

of the body Mf exposed to the air, perpendicular to the x-axis; Am is the area of the surface perpendicular to53

the x-axis for the lumped mass me; Cw1 is the water damping coefficient of the body Mf; ρwater is the density54

of water; Awf is the cross-sectional area of the submerged portion of the body Mf, perpendicular to the x-axis.55
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The electromagnetic force FEM depends on the input current signal and the structural parameters of the56

electromagnetic actuator, and can be specifically expressed as:57

2
r z1 z2 r z1 z2

EM
0 0

( ) ( )B B B A B B B RF 
 
 

  (5)58

where Br is the residual magnetization of the magnet; Bz1 is the magnetic field strength of the lower surface59

of the magnet in the axial direction; Bz2 is the magnetic field strength of the upper surface of the magnet in60

the axial direction; R is the radius of the magnet; μ0 is the permeability of vacuum. Bz1 and Bz2 are:61

0
z1 z 2 2 2 2

0
z2 z 2 2 2 2

( ) ( )
2 ( )

-( ) ( )
2 ( - ) ( )

NI l z zB B z
l z r z r

NI z L l z LB B z L
z L l r z L r





   
  


      

    

(6)62

where z is the distance from the lower surface of the magnet to the lower surface of the coil; N is the number63

of turns of the coil; I is the current flowing through the coil; l is the axial length of the coil; r is the radius of64

the coil; L is the axial length of the magnet.65

As the paddle undergoes compound rigid-body motion involving both translation and rotation, the resultant66

force Fpd and moment Tpd exerted on it in Equation (3) should be computed via integration:67

 

 
pd

pd

0
2

pd water w2 pd pd, n pd, n pd

0
2

pd water w2 pd pd, n pd pd, n pd

1 sgn
2

1 sgn
2

h

h

F C w v v dy

T C w v y v dy










 



   





(7)68

where Cw2 is the water damping coefficient of the body Mpd; wpd and hpd are the width and height of the69

swimming paddle respectively; vpd,n is the surface-normal velocity of a point on the paddle in the inertial70

coordinate system.71

S2. Dynamical model of the microrobot under terrestrial locomotion mode72

In order to analyze the terrestrial locomotion characteristics of the microrobot, a separate dynamic model73

is also established. Similar to the dynamic model for aquatic locomotion, the microrobot is simplified as a74
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dynamic system composed of a rigid body Mb and a lumped mass me, as shown in Supplementary Fig. 5.75

Three simplifications are introduced to this model:76

(1) The output parameters of the two electromagnetic actuators are the same. Therefore, two front legs77

connecting with two actuators respectively are simplified to one front leg.78

(2) The simply supported beams are simplified as a massless spring with an elastic coefficient of k.79

(3) The magnet is simplified as a lumped mass me, and the remaining components of the microrobot form80

the rigid body Mb, including the supporting frames, coil and legs.81

(4) The action between the feet of the microrobot and the ground is simplified as a vertical spring-damper82

(ky-dy) with a normal force in the vertical direction (FN) and a friction force in the lateral direction (Ff). Several83

key geometric dimensions of the microrobot are illustrated in Supplementary Fig. 5.84

Two coordinate systems are developed to characterize the motion of the microrobot, including the inertial85

coordinate system x-o-y and the body coordinate system x'-o-y' with the center of mass (COM) of rigid body86

Mb as the origin, as shown in Supplementary Fig. 5. The Lagrangian method is used to establish the dynamic87

equations of the microrobot based on four generalized coordinates, including the horizontal and vertical88

coordinates (x, y) of the COM of the rigid body Mb, the displacement s of the lumped mass me relative to its89

initial position in the body direction, and the body tilt angle θb. The absolute coordinates of any point (xp, yp)90

in the system can be obtained through these generalized coordinates and the transform relation between two91

coordinate systems:92

p b b

p b b

cos sin
sin cos

x x x
y y y

 
 

      
            

(8)93

The lagrangian equations of the dynamic model can be given as:94

( 1,2,3,4)i
i i

d L L Q  i
dt q q
  

      (9)95



6

 

 

2
b b b b 1b

2
b b b b b 2

b b m b b b b 3

m

2 sin ( ) cos2 0 2 cos
0 2 2 sin 2 cos ( ) sin

2 cos sin 2 sin cos
2 2

m

m

b m
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sm m m ml mx my ks F
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
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  
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(10)96

 
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(11)97

where m and M are the masses of the lumped mass me and rigid body Mb; rm is the relative distance between98

me (at the initial position) and the COM of Mb along x'-axis; k is the elastic coefficient of the simply supported99

beams; lm is the relative distance between m (at the initial position) and the COM of Mb along y'-axis; Jb is100

the moments of inertia of Mb; hb is the height of Mb; F1, F2, F3 and F4 are the generalized forces associated101

with four generalized coordinates. Their explicit expressions are:102

   

fr ff dx, b1

Nr Nf dy, b2

EM dm ff b ff b3

fr ff d4

2 2
2 2

+2 cos 2 sin
2 2

F F FF
F F FF

F F F T F TF
T T TF

 

   
       
      
  

    

(12)103

where Ffr and Fff are the frictional forces applying on the rear and front legs respectively; FNr and FNf are the104

normal forces applying on the rear and front legs respectively; Fdx, b and Fdy, b are the air damping forces105

applying on the rigid body Mb in the x-axis and y-axis direction respectively; Fdm is the air damping forces106

applying on the lumped mass me in the x'-axis direction; FEM is the electromagnetic force applying on the107

lumped mass me; T is the displacement transmission ratio from the actuator-connected end to the paddle-108

attached end of the simply supported beams; Tfr and Tff are the friction torques applying on the rear and front109

legs respectively; Td is the damping torque from air applying on the rigid body Mb.110

Based on the spring-damper model between the feet and the ground, the normal forces are given as (13)111

and (14) when the feet are in contact with the ground. If one foot is off the ground, the corresponding normal112

force and frictional force are both equal to zero.113

Nr fr fr fr

Nf ff ff ff

sgn( ) ( )
sgn( ) ( )

y y

y y

F y k y d y

F y k y d y

    
     




(13)114
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fr fr Nr

ff ff Nf

sgn( )
sgn( )

F x F
F x F




 
  


 (14)115

where xfr, yfr are the coordinates of the rear foot in the inertial coordinate system; xff, yff are the coordinates of116

the front foot in the inertial coordinate system; ky, dy are the elastic coefficient and damping coefficient117

respectively when the feet are in contact with the ground; μ is the friction coefficient between the feet and118

ground.119

The air damping forces in (12) are expressed as:120

 
 
 

2
dx, b a bx air

2
dy, b a by air

2
dm a m air m m

0.5 sgn

0.5 sgn

0.5 sgn

F C A x x

F C A y y

F C A x x







  
  


 

 

 

 
(15)121

where Ca is the air damping coefficient; ρair is the density of air; Abx is the area of the surface perpendicular to122

the x-axis for the body Mb; Aby is the area of the surface perpendicular to the y-axis for the body Mb; Am is the123

area of the surface perpendicular to the x-axis for the lumped mass me.124

The torques in (12) are expressed as:125

     f

r

fr fr fr b fr b Nr fr b fr b

ff ff ff b ff b Nf ff b ff b
2

d a air b b

( sin cos ) ( cos sin )
( cos sin ) ( sin cos )

0.5 sgn
x

x

T F r l F r l
T F r l F r l

T C x w x dx

   
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  



   

    


   
(16)126

where rfr is the distance between the rear feet and the COM of Mb along x'-axis; lfr is the distance between the127

rear feet and the COM of Mb along y'-axis; rff is the distance between the front feet and the COM of Mb along128

x'-axis; lff is the distance between the front feet and the COM of Mb along y'-axis; xf is the distance between129

the COM of Mb and the front end along x'-axis; xr is the distance between the COM of Mb and the rear end130

along x'-axis; w(x) is the width function of Mb with elliptical shape.131
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Supplementary Figures 1-7204

205
Supplementary Fig. 1. The fabrication process of the microrobot. a, Fabrication process of the swimming paddle via laser206
cutting. b, Diagram and optical photo showing the laminated structure of the swimming paddle. c, Optical photo of two swimming207
paddles with different dimensions. d, Manual assembly process of individual modules and the whole microrobot.208



11

209

210

Supplementary Fig. 2. The swing motion of the swimming paddle under different actuating frequency fa (40, 120, 200, and211
280 Hz). As the actuation frequency approaches the natural frequency of the microrobot, the swing angle during recovery212
phase reaches its peak.213

214
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215
Supplementary Fig. 3. The swing motion of the swimming paddle under a small hinge thickness (4 μm). In every other216
actuation cycle, it is observed that the relative rotation angle of the swimming paddle α fails to return to 0° during the power217
phase.218
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219
Supplementary Fig. 4. Propagation of water surface waves during the clockwise turning of the microrobot at different220
actuation frequencies (100, 120, 140, 160, 180, and 200 Hz).221
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222
Supplementary Fig. 5. Simplified dynamic model of the microrobot under terrestrial locomotion mode.223
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224

Supplementary Fig. 6. Tethered terrestrial locomotion performance of the microrobot on the plastic board. a, Optical photo225
of the tethered microrobot moving forward at a maximum speed of 19.5 BL/s on a plastic board without payload. b, c, Optical226
photos of the tethered microrobot achieving a maximum turning angular speed of 580°/s in the clockwise direction and 570°/s in227
the anticlockwise direction under a payload of 0 mg. d, Optical photo of the tethered microrobot achieving a maximum228
anticlockwise turning speed of 200°/s under a payload of 1200 mg.229
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230

Supplementary Fig. 7. Propulsion force analysis of the microrobot under varying immersion depths. a, At a 3 mm immersion231
depth, propulsion is generated exclusively by the front legs in contact with the ground. b, At a 6 mm immersion depth, propulsion232
is generated by both the front legs and the swimming paddles. c, Enlarged image of the paddle–water interface at a 6 mm immersion233
depth.234
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Supplementary Tables 1-3235

Supplementary Table 1. The quantities and masses of individual components for the microrobot236

Description Quantity Mass (mg)

Support frames -- 78
Simply supported beam 2 2
Permanent magnets 2 100
Hollow coils 2 102
Fixed boards for coils 1 13
Floating pads 4 29
Buoyancy tank 1 91
Front legs integrated with
swimming paddles 2 30

Rear legs 2 1
Power and control electronics 1 555
Lithium battery 1 680
Wires and glue -- ≈ 9

Total ≈ 1690

237
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Supplementary Table 2. Components of the power and control circuit board238

Description Model Quantity Weight (mg)
Microcontroller RF-BM-4044B4 1 193.1
Voltage regulator (3.3V) SPX3819M5 1 14.8
Voltage regulator (1.2V) TLV75709PDBVR 1 15.2
Schmitt-Trigger inverter SN74LVC2G14DCK 1 16.4
H-Bride driver DRV8837C 2 19.6
Sensor (a microphone) ICS-40181 1 60.0
Capacitor 0402; 0603 11 81.9

PCB L: 17.5 mm; W:14.5 mm;
Elliptical pattern 1 129.0

Solder -- -- ~25
Total weight ~555

239
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Supplementary Table 3. Data of moving speed with respect to the body length of amphibians and240
existing amphibious robots241

Species Body length
(cm)

Terrestrial
relative speed
(BL/s)

Aquatic relative
speed (BL/s) Reference

Amphibians
Green turtle ≈50 ≈0.4 ≈1.0 1,2

Sea snakes (Laticauda
colubrina) ≈80 ≈0.3 ≈1.4 3

Lizard (Anolis Sagrei) ≈5 ≈11.0 ≈7.0 4

Untethered amphibious robots
Leglessbot 5.5 1.4 0.61 5

Robot by Zhao et al 7.5 10.90 2.30 6

EHR 73 3.15 1.23 7

Groundbot 60 5 -- 8

Amoeba-II 65.51 -- 0.21 9

Salamandra Robotica I 77 0.384 0.323 10

BoxyBot 25 -- 1.4 11

AmphiHex-II 51.0 0.71 0.37 12

Spherical robot by
Ishihara et al 25 0.9 0.644 13

FroBot 70 1.43 0.57 14

Salamandra Robotica II 110 0.38 0.46 15

AmphiRobot-II 70 0.86 0.64 16

ASRobot 30 0.18 0.12 17

SeaDog 114.5 2.0 -- 18

Crablike robot by Xie et
al 53.5 -- 0.37 19

Tethered amphibious robots
AmphiHex-I 84.4 0.65 0.59 20,21

Starfish robot 20 0.35 0.33 22

Soft-Amphibious
Robot by Suzumori et al 21 0.27 0.105 23

HAMR 4.0 1.75 0.7 24

Mini-robot by Yang et
al 2 0.05 0.5 25

MCR 5 0.32 -- 26

SAM 4.5 3.4 2.02 27

Soft microrobot by
Feng et al 3 0.13 -- 28

Soft robot by Chen et al 9.5 1.79 0.316 29

SEALicone 25.74 -- 0.07 30

EELWORM 40 0.033 0.05 31

ACSR 17.9 0.03 -- 32

BASR 168 0.97 -- 33

AISR 4.4 2.44 1.2 34

This work (untethered)
This work 2.1 15.5 5.4 --

242
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Captions of Supplementary Movie 1 to 12243

Movie S1. Swing motion of the swimming paddle for the tethered microrobot during the swimming244

locomotion245

This high-speed movie shows the swing motion of the swimming paddle for the tethered microrobot during246

the swimming locomotion. It is observed that the swimming paddle rotates around the hinge asymmetrically247

during the swimming locomotion.248

Movie S2. Straight movements of the tethered microrobot on the water surface249

This movie shows straight moving performance of two tethered microrobot prototypes (the original and the250

optimized) on the water surface when carrying a payload mass of 1200 mg. Part 1 shows the original prototype251

swimming forward with a relative speed of 3.7 BL/s. Part 2 shows the optimized prototype swimming forward252

with a relative speed of 5.5 BL/s.253

Movie S3. Turns of the tethered microrobot on the water surface254

This movie shows turning performance of the tethered microrobot on the water surface when carrying a255

payload mass of 1200 mg. Parts 1 and 2 show the microrobot achieving clockwise and anticlockwise turns on256

the water surface with a maximum turning speed of 370°/s and 280°/s respectively.257

Movie S4. Untethered locomotion performance of the microrobot on the water surface258

This movie shows untethered locomotion performance of the microrobot on the water surface when driven259

near its natural frequency. Part 1 shows the microrobot swimming linearly on the water surface with a260

maximum speed of 5.4 BL/s. Part 2 shows the microrobot achieving clockwise and anticlockwise turns on the261

water surface with a maximum turning speed of 450°/s and 360°/s respectively.262

Movie S5. Obstacles avoidance via remote control on the water surface for the untethered microrobot263

This movie shows the obstacle avoidance process of the untethered microrobot via navigating around264

immovable obstacles. The demonstration scenario is a 100 cm-by-60 cm water pool scattered with simulated265
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aquatic plants and lotus leaves. The microrobot traverses from the bottom-left corner to the top-right corner266

of the water pool, and subsequently navigates back to the bottom-left corner via an alternative route.267

Movie S6. Pushing aside floating obstacles on water surface for the untethered microrobot268

This movie shows the obstacle avoidance process of the untethered microrobot when encountering floating269

objects. During the process, the microrobot approaches, pushes away, and detaches from floating wooden270

blocks that are 6.6 times heavier than the microrobot itself.271

Movie S7. Straight movements of the tethered microrobot on the ground272

This movie shows straight moving performance of the tethered microrobot on the ground under different273

payload masses. Part 1 shows the microrobot moving forward at a maximum speed of 19.5 BL/s when carrying274

a payload of 0 mg. Part 2 shows the microrobot moving forward at a maximum speed of 11.9 BL/s when275

carrying a payload of 1200 mg.276

Movie S8. Turns of the tethered microrobot on the ground277

This movie shows turning performance of the tethered microrobot on the ground under different payload278

masses. Part 1 shows the microrobot achieving clockwise and anticlockwise turns on the ground with a279

maximum turning speed of 580°/s and 570°/s respectively when carrying a payload of 0 mg. Part 2 shows the280

microrobot achieving clockwise and anticlockwise turns on the ground with a maximum turning speed of281

470°/s and 200°/s respectively when carrying a payload of 1200 mg.282

Movie S9. Untethered locomotion performance of the microrobot on the ground283

This movie shows the untethered locomotion performance of the microrobot on the ground when driven near284

its natural frequency. Part 1 shows the untethered microrobot running linearly on the plastic board with a285

maximum speed of 15.5 BL/s. Part 2 shows the untethered microrobot achieving clockwise and anticlockwise286

turns on a plastic board with a maximum turning speed of 760°/s and 470°/s respectively.287
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Movie S10. Slope climbing of the untethered microrobot288

This movie shows the untethered microrobot crawling on a slope of 4° via a bipedal alternating relay climbing289

strategy within 30 s.290

Movie S11. Water-traversing locomotion of the tethered microrobot291

This movie shows the water traversing locomotion of the tethered microrobot at a submersion depth of 8 mm.292

The microrobot moves forward at a maximum speed of 5.4 BL/s, with the front leg and swimming paddle293

jointly generating propulsion.294

Movie S12. Bidirectional transitions between the water surface and ground of the untethered295

microrobot via a slope296

This movie shows that the untethered microrobot achieves bidirectional transitions between the water surface297

and ground via a slope. Part 1 shows the side view of the microrobot traversing the water surface, transitioning298

onto land via a slope, reversing direction, and returning to the water surface. Part 2 shows the top view of the299

whole process.300
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