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Summary: We introduce a soft, biomimetic robot capable of untethered directional 15 

motion under external loads. 16 

Abstract: Soft, worm-like robots show promise in complex and constrained 17 

environments due to their robust, yet simple movement patterns. Although many such 18 

robots have been developed, they either rely on tethered power supplies and complex 19 

designs or cannot move external loads. To address these issues, we here introduce a 20 

novel “magbot” that utilizes temperature-sensitive actuation and surface pattern-21 

induced anisotropic friction to achieve peristaltic locomotion inspired by fly larvae. 22 

This simple, untethered design can carry cargo that weighs up to three times its own 23 

weight with only a 17% reduction in speed over unloaded conditions thereby 24 

demonstrating, for the first time, how soft, untethered robots may be used to carry loads 25 

in controlled environments. Given their small scale and low cost, we expect that these 26 
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magbots may be used in remote, confined spaces for small objects handling or as 27 

components in more complex designs.28 

INTRODUCTION 29 

The recent emergence of robots comprised of flexible materials rather than rigid 30 

structures has introduced broad prospects in robotics engineering1. Like soft creatures, 31 

soft robots are highly deformables1–3, thereby introducing several advantages over their 32 

rigid counterparts. For example, soft robots may deform to the contours of confined 33 

spaces and can exhibit continuous, multimodal deformations due to their flexibility, 34 

making them highly sought after for traversal of complex environments4–9. Additionally, 35 

soft materials are generally safer for human-machine interactions10 and exhibit higher 36 

biocompatibility11, rendering them suitable for both in vivo and vitro applications12. 37 

Despite these advantages, there remain challenges pertaining to soft robots’ 38 

miniaturization, load carrying capacity, and autonomy. However, nature is rife with 39 

living designs that have achieved all three features. 40 

Soft invertebrates such as caterpillars13,14, worms15,16, and larvae of Diptera (i.e., 41 

flies)17 use peristaltic or  wave-like actuation in conjunction with means of 42 

asymmetrical anchoring to move reliably in their environments. These principals of soft 43 

actuation and asymmetrical friction have recently inspired many designs for multi-44 

functional and highly adaptable soft, biomimetic robots18–26. However, arguably the 45 

simplest and most scalable designs utilize alternating bending and extension as their 46 

only mode of actuation18,19, thus negating the need for complex internal mechanisms, 47 

control systems, or localized actuators as in the case of bots that replicate non-harmonic, 48 

wave-like peristaltic actuation. Instead, these simple bots may be comprised entirely of 49 

one or a few stimuli-sensitive materials3 thereby mitigating the need for hydro-50 

pneumatic umbilicals20–27 or electrical tethers28–31 for their power supply. Furthermore, 51 

while more complex systems achieve unidirectional motion using legs and adhesive 52 

sites (mimicking caterpillars13) or localized lateral expansion and contraction 53 

(replicating worms16,17), simpler designs aspire to leverage anisotropic surface patterns 54 
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that cause asymmetric friction.18,19,32,33 These take inspiration from natural systems 55 

such as hook-like formations occurring on the skin of fly larvae.17  56 

We here introduce a simple and scalable maggot-inspired robot or “magbot” that 57 

utilizes unimodal bending and extension as its only means of actuation. It achieves 58 

unidirectional motion via sawtooth-like geometries at its head and tail. The magbot’s 59 

“skeleton” is comprised of shape-memory alloy (SMA)32,34–41 that actuates upon 60 

heating. The SMA is heated using an alternating magnetic field from an induction coil. 61 

While an external power supply is indispensable in this design, magnetic induction 62 

eliminates the need for tethers and therefore physical restraints. In the remainder of this 63 

work, we overview the design of the magbot, characterize its magnetothermal actuation, 64 

and introduce the geometric feature that imposes asymmetric fiction. We then 65 

characterize the anisotropic friction, travel speed, and movement efficiency under 66 

different external loads for magbots with three different pattern angles. 67 

RESULTS AND DISCUSSION 68 

Design of the magbot. 69 

Fly lava movement is driven by cyclical phases in which the larva anchors its head, 70 

pulls the trailing portions of its body forward, anchors its rear, and then pushes its head 71 

forward (Fig. 1A). Anchoring is facilitated by microscopic, spine-like hooks along the 72 

length of the larva’s body (see Fig.1B for SEM images). Directional motion ensues due 73 

to anisotropic friction between the larvae and the substrate during anchoring. Based on 74 

these observations, we fabricated bioinspired magbots according to the procedure 75 

outlined in Fig. S1 (see the Materials and Methods section for details). While 76 

biological peristaltic motion generally involves multi-model, wave-like propagation 77 

along the length of a larva17, our simplified magbots simply have two contact regimes 78 

– a head and tail – at any given moment. This permits the use of a simpler form of 79 

harmonic, unimodal bending and extension. Actuation is achieved via a small SMA 80 

skeletal strip embedded in the magbot. At low temperature, the SMA skeleton bends 81 

(Fig. 1C) and is comprised of a detwinned martensite (DM) micro-structure (Fig. 1D). 82 

At high temperature, the SMA structure changes from a DM phase to austenite (A) 83 
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phase (Fig. 1D), causing it to straighten. This process is reversible, such that periodic 84 

deformation of the skeleton can be remotely achieved using an alternating magnetic 85 

field that heats the SMA. Asymmetric anchoring is achieved through a wedge-shaped, 86 

anisotropic interface geometry inspired by the hook-like formations found on fly larvae 87 

(Fig. 1B). 88 

 89 

Fig 1. Schematic diagram of magbot. (A) A schematic of fruit fly larva movement displays 90 

the phases of peristaltic motion in which a larva anchors its head, pulls its tail towards its head, 91 

anchors hind portions of its body, and then pushes its head forwards. In many organisms 13,17, such 92 

waves propagates non-harmonically along the creatures’ lengths, however – for simplicity – this is 93 

not illustrated here. (B) Scanning electron microscopic images of the surface microstructure of fruit 94 

fly larvae display hook-like features that give rise to asymmetric friction. (C) A schematic of ideal, 95 

bio-inspired magbot motion is displayed under a cycle of heating and cooling. (D) A schematic of 96 

the SMA skeleton inside of a magbot illustrates the microstructural phase evolution within the alloy 97 

that drives magbot bending and extension as the microstructure alternates between detwinned 98 

martensite (DM) and austenite (A) phases. Movement in (A) and (C) is denoted by arrows while 99 

anchoring is denoted by crosshatching.100 

Magnetothermal deformation of the SMA skeleton. 101 

Magnetothermal deformation of the SMA skeleton is characterized in Fig.2. Fig.2A 102 

displays the experimental setup used to quantify deformation. The sample resides on a 103 

glass plate, 40 mm above which the induction coil is positioned. To measure the 104 

deformation angle of the sample, a protractor is placed in the background so that its 105 
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center coincides with the right end of the sample, which is fixed in place. Deformation 106 

is quantified by the tangent angle to the SMA strip at the position of this fixed right side 107 

(Fig. 2B).  A larger angle indicates a higher degree of bending (i.e., that the sample is 108 

closer to its reference state), while a lower angle indicates a higher degree of extension 109 

(i.e., that the sample is further from its reference state).  110 

111 

  112 

Figure 2. Magnetothermal deformation response of SMA actuator. (A) The experimental setup 113 

used to measure magnetothermal response of the SMA strip is shown. (B) One cycle of periodic 114 

deformation is displayed, with the tangent angle used to characterize deformation denoted by a red 115 

line. (C) Deformation angle is plotted with respect to time for three SMA skeletons undergoing three 116 

periods of reversible loading (each). (D) Deformation angle is plotted with respect to temperature 117 

of the SMA skeleton.  118 

Fig.2B illustrates the measured bending angle at different times as the SMA 119 

sample undergoes heating due to magnetic induction. The corresponding response 120 

angles and SMA temperature are displayed in Fig. 2C and Fig. 2D, respectively. For 121 

each period of thermal loading, the magnetic field is introduced from 0-10 s and then 122 

removed from 10-40 s. Correspondingly, the bending angle of the sample starts at 41°, 123 

decreases to 8° (from 0→10 s) and then recovers to 37° (from 10→40 s). The bending 124 

angle repeatably completely recovers after 40 s (Fig. 2 B-C) and remains between 9-125 
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41°  throughout the entire cycle, exemplifying stability and reversibility. Note that 126 

extensile actuation is slow in the early stages (41→30° in 0→ 5 s) and rapid in the later 127 

stages (30→9° in 5→10 s) while bending recovery is rapid in the early stages (9→37° 128 

from 10→30 s) and slow in the later stages. This effect is likely influenced by the rate 129 

of heating and cooling, so to better understand actuation control with respect to 130 

temperature, we examine Fig. 2D. This plot reveals a sharp phase transition from highly 131 

bent (at low temperatures) to weakly bent (at high temperatures) at a temperature 132 

around 45-50° C. 133 

Magnetothermal deformation of the magbot. 134 

The magnetothermal response of the magbot is characterized in Fig. 3. The 135 

experimental setup (Fig. 3A) is identical to that used in Fig. 2A. Like the SMA sample, 136 

the magbot exhibits good thermal deformation response with a bending angle ranging 137 

from 10-38° (Fig. 3B), comparable to the un-skinned SMA skeleton (8~41°). However, 138 

the thermal transition zone is more gradual and occurs between roughly 40~65° (as 139 

opposed to 45-50° for the SMA alone), which is likely due to elastic resistance from the 140 

soft skin. To ensure that this widened temperature range does not significantly impact 141 

the latency of actuation, we examine the deformation and temperature responses with 142 

respect to time (Fig. 3C-D). 143 

Fig.3C shows the response of three distinct magbot prototypes, each with an initial 144 

bending angle of 41°. For these experiments, magnetic heating occurs for 10 s, followed 145 

by 20 s of cooling, and each sample is tested for three consecutive cycles. Notably the 146 

presence of the elastic skin around the SMA sample restricts its deformation during 147 

heating but also creates an elastic restoring force that accelerate its recovery to the 148 

original state during cooling, hence the reduction in cooling time to 20 s. Fig. 3C 149 

demonstrates that significant actuation is preserved over the timescale of 101 s, even 150 

with the elastic skin. Furthermore, the deformation is nearly reversible from the first to 151 

second cycle, and fully reversible thereafter.  152 
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 153 

Figure 3. Magnetothermal response behavior of SMA magbot. (A) The experimental setup used 154 

to measure magnetothermal response of the magbot is shown. (B) The average bending angle 155 

response of three magbot prototypes (blue circles) and three SMA skeletons (red squares) is plotted 156 

with respect to temperature. (C) Deformation angle is plotted with respect to time for three magbots 157 

undergoing three periods of reversible loading (each).  (D) Average surface temperature of three 158 

magbots is plotted with respect to time for five periods of thermal loading.  159 

Fig.3D presents the time evolution of the magbot’s surface temperature during 160 

cyclic induction heating. We see that this temperature varies between 22-37 ℃, which 161 

is lower than that of the SMA strip alone (40-65 ℃). This is because induction heating 162 

acts on the SMA but not the external skin. Consequently, the internal temperature of the 163 

magbot (Fig. 3B) exceeds the external temperature measured by infrared thermal 164 

imagery (Fig. 3D). Therefore, the external skin not only reduces the timescale of 165 

bending recovery during cooling, but also reduces the surface temperatures of the 166 

magbots to a safer range for human handling or biological interfacing. A final and 167 

primary purpose of the external skin is to induce asymmetric surface interfaces and 168 

friction for locomotion. 169 

  170 
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On the origins of asymmetric motion 171 

Unlike multimodal peristaltic motion13,17, the first-harmonic actuation of the magbot is 172 

symmetric and may not power directional motion without symmetry-breaking. Hence, 173 

the asymmetric surface geometry along its bottom face, which consists of periodic, 174 

“sawtooth”-like wedges whose angles may be adjusted (Fig. 4). While the geometry 175 

was patterned for ease of mold design and fabrication, only the frontmost and rearmost 176 

wedges remain in contact with the substrate throughout actuation and are therefore 177 

significant. For convenience, we refer to these contact regions as the “forefoot” and 178 

“hindfoot”, respectively.  179 

To understand what causes asymmetric motion, we begin by considering the 180 

external forces acting on the magbot during one actuation cycle (Fig. 4A-B). The only 181 

external forces are body force due to gravity (𝑭𝑤), the normal force from the substrate 182 

at either foot (𝑭𝑁), and the frictional forces acting on the forefoot (𝑭+) and hindfoot 183 

(𝑭− ). From Fig. 4A-C, only the frictional forces at the magbot’s feet act along the 184 

direction of motion, so it is the difference between these forces during extension and 185 

then bending that governs net displacement. We assume that the magbot’s weight is 186 

evenly distributed between the feet such that the frictional forces may be written: 187 

 {𝐹+ = 𝜇+𝐹𝑁𝐹− = 𝜇−𝐹𝑁, (1) 188 

where 𝜇+  and 𝜇−  are the coefficients of friction for the forefoot and hindfoot, 189 

respectively. Recognizing that the net displacement will scale with the unbalanced force 190 

on the magbot, and inversely with its mass (𝑚), we may write the following scaling 191 

law: 192 

 Δ𝑥 ∼ 12 (𝜇+ − 𝜇−)𝑔, (2) 193 

where we have substituted the relationship 𝐹𝑁 = 0.5𝑚𝑔 for the magnitude of normal 194 

force, in which 𝑔 is gravitational acceleration.  This simple scaling intuitively suggests 195 

that the gravitational constant and difference between the magbot’s fore and hindfoot 196 

coefficients of friction (Δ𝜇± = 𝜇+ − 𝜇− ) influence the displacement of the system. 197 

However, only Δ𝜇 dictates the sense of this motion.  198 

As reported by (Tramsen, et al. 2017), many factors influence anisotropic friction 199 
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of deformable “sawtooth” surface structures as they slide over surfaces, including both 200 

substrate and sawtooth properties (e.g., surface roughness, stiffness, geometry, etc.).42 201 

Furthermore, here the relative angle between the pattern’s tapered face and the 202 

horizontal substrate varies throughout actuation, likely effecting both 𝜇+  and 𝜇− . 203 

However, for the purposes of this work, we are merely concerned with the effects of 204 

pattern angle and treat 𝜇+ and 𝜇− as constants during extension and bending. However, 205 

both 𝜇+  and 𝜇−  must still change between these two actuation phases for forwards 206 

motion to occur. As such, we instead adapt the terminology introduced by Tramsen, et 207 

al. (2017) and consider two relative motion types: Type I motion wherein the tapered 208 

face of the pattern leads, and the relative movement of the substrate is “along” the 209 

pattern (Fig. 4C) with a coefficient of friction 𝜇𝐼 ; and Type II motion in which the 210 

contact edge leads, and the relative movement of the substrate is “against” the pattern 211 

(Fig. 4D) with a coefficient of friction 𝜇𝐼𝐼. As highlighted in Fig. 4A-B, the forefoot 212 

undergoes Type I relative motion during extension, and Type II during bending, while 213 

the hindfoot experiences the opposite. Thus, we may rewrite Δ𝜇  for extension and 214 

bending independently as: 215 

 { Δ𝜇𝑒𝑥𝑡 = 𝜇𝐼 − 𝜇𝐼𝐼Δ𝜇𝑏𝑛𝑑 = 𝜇𝐼𝐼 − 𝜇𝐼. (3) 216 

Let us now treat the frictional coefficients as always positive, so that we must explicitly 217 

indicate the directions of frictional forces through the signs of 𝜇𝐼 and 𝜇𝐼𝐼 (i.e., “−𝜇” 218 

implies that friction is driving the magbot backwards). Given this convention, we may 219 

rewrite Eqn. 3 as: 220 

 { Δ𝜇𝑒𝑥𝑡 = 𝜇𝐼𝐼𝑒𝑥𝑡 − 𝜇𝐼𝑒𝑥𝑡Δ𝜇𝑏𝑛𝑑 = 𝜇𝐼𝐼𝑏𝑛𝑑 − 𝜇𝐼𝑏𝑛𝑑. (4) 221 

and so long as the frictional coefficient of movement against the pattern is greater than 222 

that along the pattern (i.e., 𝜇𝐼𝐼 > 𝜇𝐼 or Δ𝜇 > 0), forwards movement takes place.  223 

 The factors governing the magnitude of Δ𝜇  are not straightforward. In fact, as 224 

indicated by Tramsen, et al. (2017), even whether Δ𝜇 ≥ 0 is not guaranteed using a 225 

sawtooth pattern. However, for the system observed here, all values of Δ𝜇 are positive 226 

(Fig. 4E-F) (see the Materials and Methods section for estimation methods). 227 
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Interestingly, the order of magnitude of Δ𝜇 differs between bending and extension, with 228 

a much higher frictional difference during extension. This suggests that the majority in 229 

positional change occurs during extension. The factor likely driving this difference is 230 

the change in relative angle between the forefoot and hindfoot patterns with respect to 231 

the substrate. In effect, the coefficients of friction for Type I and Type II motion differ 232 

between the forefoot and hindfoot because the geometric conditions of these feet are 233 

not the same due to the magbot’s bent conformation.  234 

  235 

Figure 4. Analysis of asymmetric friction. Free body diagrams and designations of Type I versus 236 

Type II motion are illustrated for the cases of (A) extension and (B) bending.  (C) Type I motion 237 

“along” the sawtooth pattern and (D) Type II motion “against” the sawtooth patter are illustrated. 238 

(C-D) Black arrows represent the relative actuation displacements of the SMA, while red arrows 239 

represent the realized displacement of the contact edges. Illustrations on the left represent the 240 

hypothesized extreme case for highly compliant members, in which none of the actuation 241 

displacement is realized as sliding during either actuation phase. In contrast, rightmost illustrations 242 

depict the case for rigid members, in which nearly all the actuation displacement is realized as 243 

sliding. A more optimal case in which more actuation displacement is realized during Type I motion 244 

than Type II motion, is illustrated in the center.  (E-F) The experimentally estimated relationship 245 

between Δ𝜇 and 𝜑 during (E) extension and (F) bending is depicted for two cycles, highlighting its 246 

biphasic nature. 247 
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Significantly, during both actuation stages, Δ𝜇  shows a biphasic relationship with 248 

respect to 𝜑 with the biggest values occurring for the intermediate pattern angle of 𝜑 =249 30°  (Fig. 4E-F). While to fully understand the origins of this optimization would 250 

require an in-depth mechanical analysis, we here propose one possible explanation. 251 

Tramsen, et al. (2017) recognized that the compliance of the sawtooth member greatly 252 

impacts the effective frictional coefficient of the system. We posit that differences in 253 

the “effective” coefficients of friction observed here must occur due to this compliance-254 

dependent, macroscale deformation since the microscale properties of the magbot skin 255 

and substrate (e.g., surface roughness43) remain constant. Specifically, we assert that 256 

more compliant designs, here occurring for higher pattern angles, may undergo larger 257 

strains before enough load is transmitted to break static friction and sliding ensues. In 258 

the extreme case, it is possible that during both extension and bending, none of the 259 

actuation displacement is realized as foot motion (see Fig. 4E-F, leftmost depictions). 260 

Under such circumstances, no relative movement of the magbot would occur. Similarly, 261 

for highly rigid designs (achieved through smaller pattern angles), enough load may be 262 

transmitted from the SMA-skin interface to rapidly break static friction at the contact 263 

edge, such that both feet slide nearly instantaneously during either actuation stage (see 264 

Fig. 4E-F, rightmost depictions). Under these circumstances, both feet would slide 265 

symmetrically about the center of mass of the magbot and no forwards motion would 266 

occur. Therefore, there appears to exist an optimal angle that maximizes Δ𝜇 during both 267 

stages of actuation. In future work, to optimize travel speed for specific applications, 268 

we may quantitatively characterize the deformations undergone prior to breaking static 269 

friction for each foot, using a combination of nonlinear, hyperplastic finite element 270 

analysis and experimentation.  271 

Quantifying magbot motion. 272 

We here quantify magbots’ movements and speeds as they undergo multiple actuation-273 

recovery cycles on a level, rigid, glass substrate. Fig. 5A depicts a magbot with 𝜑 = 274 

45° as it undergoes a single loading cycle and moves leftwards. For additional 275 

visualization, see Movies S1-S3. Starting from a bent state (0 s), the alternating 276 
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magnetic field is turned on to induce extension of the magbot (10 s). Ceasing magnetic 277 

actuation at 10 s, the magbot cools and bends back to its original state, marking the 278 

beginning of the next cycle.  279 

 280 

Figure 5. Motion principle and kinematic behavior analysis of magbot. (A) Snapshots of a 281 

magbot undergoing one thermal load cycle display movement leftwards. The top snapshot is 282 

presented at the beginning of heating (0 s); the middle snapshot is shown at the end of heating and 283 

beginning of cooling (10 s); and the bottom snapshot depicts the end of cooling (30 s). (B) A 284 

schematic illustrates the direction of frictional forces on the forefoot (𝑓+) and hindfoot (𝑓−) as well 285 

as the emergent step size after one loading cycle (not to scale). (C-E) Step sizes are plotted with 286 

respect to time for magbots with (C) 15°, (D) 30°, and (E) 45° pattern angles for two cycles of 287 

thermal loading, over a range of magnetically induced currents (𝐼 ∈ [7.6,8.2] 𝐴). (F) Velocity is 288 

plotted with respect to induction current for magbots with pattern angles of 15° (squares), 30° 289 

(circles), and 45° (triangles).  290 

As expected, the asymmetric patterns induce directional motion (Fig. 5B). During the 291 

extension phase, the forefoot friction is oriented backwards (i.e., opposes net forward 292 
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movement), and the hindfoot friction is forwards (i.e., encourages net forward 293 

movement). However, the forefoot’s friction coefficient is smaller than that of the 294 

hindfoot during extension, as evidenced by a finite translation 𝛥𝑒 of the of the magbot 295 

leftwards. By contrast, during the recovery phase, the forefoot’s friction is forwards, 296 

while the hindfoot’s friction is backwards. Yet, as during heating, the difference in 297 

frictional coefficients during cooling induces a forward translation with step size 𝛥𝑟. 298 

Together, a full cycle yields a combined step size of 𝛥 = 𝛥𝑒 + 𝛥𝑟 and the velocity of a 299 

magbot is defined as 𝑣 = Δ/𝑇 where 𝑇 is the full cycle time.300 

 301 

Figure 6. Load motion experiment of magbot with different angled pattern. (A-C) Magbots 302 

with (A) 15°, (B) 30°, and (C) 45° are displayed, each undergoing one cycle of loading 303 

(chronologically from top-to-bottom) while carrying loads that are (left) 1× , (center) 2× , and 304 

(right) 3× their body weight.. (D) Travel speeds of magbots with different pattern angles of  (red) 305 

15°, (yellow) 30°, and (blue) 45° under loads of (left) 1×, (center) 2×, and (right) 3× a magbot’s 306 

body weight are displayed. 307 

Fig.5C, D and E show experimental results of the maximum step size of a magbot 308 

for various pattern angles (15°, 30° and 45°, respectively) over a range of different 309 

induction currents (correlating directly to the magnetic field strength). The 310 
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corresponding velocities for all three pattern angles are plotted with respect to the 311 

induction current (proportional to magnetic field strength) in Fig. 5F. While we observe 312 

a monotonic increase in step size with respect to magnetic field strength (Fig. 5F), we 313 

see a biphasic relationship between step size and pattern angle. Specifically, the 314 

maximum step sizes, and therefore highest movement speeds, at any given induction 315 

current are achieved by the magbot with the intermediate pattern angle of 30° (see Fig. 316 

5C-E or F), for reasons as postulated in the previous section. In contrast, the magbot 317 

with the pattern angle of 15° displays the minimum step size and slowest movement 318 

speed.  319 

Cargo carrying by an unbound, soft magbot. 320 

In addition to characterizing the movement of unburdened magbots, we also assess their 321 

efficiency while carrying external loads. For this, we carried out experiments in which 322 

cargo was placed centrally on top of the magbots (Fig. 6A-C, and Movies S5-S12).  323 

Cargo loads of 1×, 2× and 3× a magbot’s body weight were studied. Motion efficiency 324 

under these three loads for the three pattern angles (15°, 30° and 45°), are reported in 325 

Fig. 6D. The induction current was maintained at 8.2 A. Generally, these results show 326 

that the speed of a magbot is only moderately affected by cargo whose weight is on the 327 

order of the magbot’s body weight. The trend in speed reduction is consistent across all 328 

three pattern angles and the intermediate angle (30°) still yields the fastest motion in all 329 

cases. The loss in speed remains less than 50%, even when the cargo load is three times 330 

the magbot’s body weight. This indicates that, at least for magbots fabricated at this 331 

length scale, their specific weight-carrying capacity renders them eligible for cargo 332 

transport applications.  333 

CONCLUSIONS 334 

This study leverages the first principles of soft actuation and anisotropic 335 

geometries regularly coupled in nature to induced peristaltic motion. While organisms 336 

such as fly larvae utilize multimodal deformations and microscopic surface patterns to 337 

induce ordered locomotion 17, we here distilled these mechanisms into simple analogues 338 

of harmonic, unimodal (bending) actuation and a macroscopic wedge-shaped interface 339 
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geometry. This allowed for the fabrication of maggot-inspired robots that locomote 340 

unidirectionally. Their actuation is achieved via a magneto-thermo-responsive SMA 341 

skeleton, while the anisotropic geometry is introduced by a soft enveloping skin that 342 

serves the secondary purposes of thermal insulation. The simplicity of this design is 343 

advantageous in a few ways. Firstly, to our knowledge this magbot is the first such soft 344 

robot that displays targeted motion while carrying load without a tethered power supply. 345 

Secondly, the lack of complex mechanisms in this design renders it inherently scalable. 346 

The magobts’ minimalist compositions could be feasibly fabricated at smaller length 347 

scales using scalable molding methods or 3D printing. Additionally, the frictional 348 

model introduced here is not inertial, implying that the mechanisms driving movement 349 

would still apply at smaller scales in dry environments. Finally, these magbots display 350 

relatively high specific-weight carrying capacities that would likely improve as their 351 

length scale is decreased, as governed by square-cube scaling laws.  352 

Nevertheless, these magbots are not without limitations. Most notably, the 353 

timescale of actuation is on the order of 101 s, while the length scale of travel is on the 354 

order of 10-3 m such that the normalized travel speeds are on the order 10-2 body lengths 355 

per minute. Furthermore, the current study only examines the movement of these 356 

magbots on level substrates, and early proof-of-concept work in their motility up 357 

inclines indicates a further reduction in movement speed. As such, future work will 358 

focus on improving the travel speed of magbots in the absence of load. In any case, the 359 

advantages of flexibility, untethered motion, scalability, and high specific load-carrying 360 

capacity exemplified in this work render this magbot and the minimalist design 361 

philosophy employed here promising for applications in which soft-body transport must 362 

occur through small spaces, over long distances, or with cargo in tow. Prospective 363 

applications include monitoring of pipelines for damage detection, geological 364 

exploration, or remote small object recovery from confined spaces. 365 

MATERIALS AND METHODS 366 

Fabrication of the magbots. 367 

The fabrication process of the magbot is shown in Fig.S1. A rectangular specimen (20 368 
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mm ×  4 mm ×  0.1 mm) of shape memory alloy was fabricated using laser cutting 369 

(Eagle, X-6060). An A-type silica gel (EcoFlex 00-30, Smooth-on) and B silica gel were 370 

mixed with a 1:1 mass ratio. Mixing was conducted using a magnetic stirrer for 10 371 

minutes. The mixture was then poured into rectangular molds housing the SMA 372 

skeletons and containing pattern angles of 15°, 30° and 45°. The molds were allowed 373 

to sit for 20 minutes to ensure that bubbles in the material completely escaped. They 374 

were then placed in a vacuum drying box at 80° C for 4 hours. Once the molds were 375 

removed, they were cooled to room temperature. The magbots with pattern angles of 376 

15°, 30° and 45° had masses of 0.6040 g, 0.6000 g, and 0.6845 g, respectively. All 377 

magbots’ dimensions were approximately 42 mm × 6 mm × 4 mm.378 

Control of magnetothermal deformation. 379 

The cyclic actuation of the SMA skeletons and fully fabricated magbots were assessed 380 

using the experimental set ups depicted in Fig. 2A and Fig. 3A, respectively. 381 

Temperature was increased from 20→80 ℃ in increments of 5 ℃ and the equilibrium 382 

bending angle, was recorded at each temperature. Surface temperature readings were 383 

measured by an infrared imaging system, FLIR T540. Actuation time (10 s) was taken 384 

as the time needed for the samples to reach their bent, equilibrium states upon heating. 385 

Similarly, restoration times (30 s for the SMA and 20 s for the magbot) were taken as 386 

the times needed for the specimens to recover to their initial shapes via ambient cooling. 387 

To obtain statistically relevant measurements, these tests were performed on three 388 

different samples and each sample was tested three times. To report the time-389 

dependence of actuation and temperature, measurements were taken with a frequency 390 

of 1 Hz. 391 

Testing the magbots. 392 

The magbots were placed onto level glass substrates and exposed to the 30 s thermal 393 

cycles described above. Travel speeds were recorded as the step size (see Fig. 5B) per 394 

unit time over multiple actuation cycles. Speeds were measured under various induction 395 

currents (ranging from 7.6 A, 7.8 A, 8.0 A, and 8.2 A at alternating frequencies of 425 396 
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kHz) and pattern angles (of 15°, 30°, and 45°). The speeds of the magbots were 397 

measured both without (Fig. S2, Movies S1-S3) and with (Movies S4-S12) cargo loads 398 

as depicted in Fig. 5A and Fig. 6A-C, respectively. An induction current of 8.2 A was 399 

used for the loaded conditions. The masses used (0.6138 g, 0.6129 g, and 0.6151 g) 400 

were each on the order of one magbot body weight and were placed on top of the 401 

magbots’ centers. The method of graphical speed measurement is illustrated through 402 

Fig. S2. The full set of measured travel speeds and efficiencies (with respect to 403 

unloaded speed) for magbots carrying 0×, 1×, 2×, and 3× their own BW are reported 404 

in Table 1. Parameters were conserved throughout experiments, unless specified 405 

otherwise (e.g., as in the cases of pattern angle, induction current, and cargo weight).  406 

Table 1 Speed of magbots under various loading conditions using an induction current of 8.2A. 407 

Cargo Load 

(×BW) 

Speed (mm/min) (% Efficiency = % Unloaded Speed/Loaded Speed) 

15° angled pattern 30° angled pattern 45° angled pattern 

0× 4.00 (100%) 9.00 (100%) 6.00 (100%) 

1× 3.33 (83%) 6.40 (71%) 4.57 (76%) 

2× 3.20 (80%) 5.33 (59%) 4.00 (67%) 

3× 2.90 (73%) 4.57 (51%) 3.56 (59%) 

Characterizing anisotropic friction. 408 

To estimate the friction parameter, Δ𝜇 , the geometric centers of the magbots were 409 

tracked across discrete frames of video footage. Their average accelerations along the 410 

horizontal axis during bending and extension were approximated using finite 411 

differences in position (Δ𝑥) and time (Δ𝑡) between frames as �̅� ≈ Δ𝑥/Δ𝑡2. Considering 412 

the forces acting on the magbot (Fig. 4A-B), the net unbalanced force along the 413 

horizontal axis can be written as: 414 

 𝑚 Δ𝑥Δ𝑡2 ≈ 𝑚𝑎 = 𝑚𝑔2 (𝜇+ − 𝜇−), (5) 415 

from which the anisotropic friction coefficient may be isolated as: 416 

 Δ𝜇 ≈ 2Δ𝑥𝑔Δ𝑡2. (6) 417 

Eqn. 6 was used to estimate the values reported in Fig. 4E-F. 418 
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