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Supplementary Notes
Supplementary Note 1. SCM fabrication and assembly
The body frame was fabricated using the smart composite microstructures (SCM) process. Carbon-fiber and polyimide (PI) layers were laminated, laser micromachined, released, folded, and assembled using slot-and-tab features and adhesive bonding. The carbon-fiber layers provide the primary structural stiffness and mounting support, whereas the PI layer forms the compliant flexures. This process yields a lightweight rigid-flex frame that maintains the relative alignment of the coupled transmission and provides mounting interfaces for the onboard modules.
Component-level assembly was arranged to preserve transmission alignment and to provide repeatable mounting locations for the drive units, controller, side circuit boards, CMOS camera, battery, and magnetic task module. The principal fabrication and assembly stages are summarized in Supplementary Fig. 1.
Supplementary Note 2. Qualitative foot-geometry screening
Foot geometry affects touchdown interaction, lateral drift, and locomotion directionality at the insect scale. During preliminary prototype development, spherical and C-shaped foot geometries were qualitatively compared during forward locomotion. The spherical foot pads exhibited weak directional constraint and occasional lateral drift, whereas the curved geometry of the C-shaped feet produced more repeatable and stable forward motion under the tested conditions.
The C-shaped foot was selected because its curved contact profile is compatible with the spatial foot trajectory generated by the coupled transmission and provides a more constrained contact interaction during the stance phase. The comparison shown in Supplementary Fig. 3 represents an engineering screening step rather than a controlled quantitative force experiment. The arrows indicate qualitative motion/contact tendencies and do not represent measured ground-reaction forces. The terrain-dependent performance of the selected C-shaped feet is evaluated quantitatively through the slope, multi-terrain, payload, and long-distance experiments reported in the main manuscript.
Supplementary Note 3. Kinematic definitions and inverse-kinematic solution
3.1 Mechanism configuration
The proposed transmission combines a front-stage crank-rocker unit with a rear-stage three-branch, two-DOF parallel mechanism. The parallel mechanism can generate coupled lifting and torsional motion of the moving platform. Retaining two independently actuated inputs would require additional actuators, wiring, control channels, and phase synchronization. The proposed mechanical coupling instead converts continuous motor rotation into periodic rocker motion and imposes a fixed relationship between the two parallel-mechanism inputs, thereby generating a closed three-dimensional foot trajectory from a single rotary input. The coupled transmission, its CAD implementation, and the system control architecture are shown in Supplementary Fig. 2.
3.2 Coordinate systems and variables
A fixed coordinate frame is attached to the stationary platform and a moving frame is attached to the moving platform. The z axes of the two frames remain parallel, and the moving-frame y axis is aligned with the principal linkage direction. The moving-platform pose is parameterized by α and β, where α describes the pitch/lifting-related attitude and β describes torsional rotation. Here, θ denotes a parallel-mechanism input angle and φ denotes the corresponding crank-rocker angle used in the coupling relation. Because each rocker output is mechanically connected to a corresponding parallel-mechanism input, the pair (φ₂, φ₃) determines the admissible moving-platform poses. The foot endpoint H is then obtained from the moving-platform pose and the leg-linkage geometry.
3.3 Inverse-kinematic solution
The coupled transmission introduces a nonlinear relationship among the candidate moving-platform pose, the two rocker states, and the foot position. Rather than solving the complete forward-kinematic closure problem for every motor angle, the trajectory was generated through the inverse procedure summarized in Supplementary Fig. 6. Candidate poses (α, β) were sampled, mapped to the corresponding parallel-mechanism input angles and rocker angles, tested against the fixed coupling constraint, and retained only when all geometric constraints were satisfied.
For a candidate moving-platform pose and a fixed parallel-mechanism geometry, the two required input angles are written as
[θ2, θ3]T = fp(α, β; Gp)
The corresponding rocker angles are then obtained from the crank-rocker relation as
[φ2, φ3]T = fc(θ2, θ3; Gc)
A pose is admissible only when the fixed mechanical coupling condition is satisfied:
g(α, β) = φ2 − φ3 − δ = 0
For each admissible pose, the foot endpoint is obtained from the leg-linkage geometry:
H = fl(α, β; Gl)
The retained points form a quasi-elliptical closed trajectory in three-dimensional space. During the lower, stance-related portion, the foot moves backward relative to the body and contributes to propulsion; during the upper portion, the foot is lifted and returned forward. In the optimization code, Δf, Δh, and Δl denote the full forward, vertical, and lateral excursions of the retained discrete trajectory, respectively.
3.4 Trajectory-quality metrics
The dimensional search was formulated as a trajectory-quality screening problem rather than a complete gait-optimization problem. For each candidate, the inverse-kinematic procedure first identifies the moving-platform poses satisfying the mechanically imposed phase relationship. The retained trajectory is then evaluated using two capped excursion ratios and a custom lower-trajectory shape, feasibility, and centering score. The forward-to-lateral excursion ratio penalizes excessive lateral swing. The forward-to-vertical excursion ratio discourages unnecessarily large lifting motion, while the custom score applies minimum position and lift requirements and rewards a lower trajectory branch with limited vertical spread. The variance-based flatness expression retained as commented legacy code in get_score.m is inactive; lower-branch flatness is instead represented by the active lower-branch excursion term described below. The objective and all feasibility checks described below follow the supplied MATLAB implementation.
The dimensional design vector is
x = [L₁, L₂, L₃, L₄, L₅, L₆, δ]ᵀ
For a feasible candidate, the maximized trajectory-quality objective is
F = 0.5 min(Δf/Δl, 7) + 0.2 min(Δf/Δh, 5) + 0.3 S_q
Here, Δf, Δh, and Δl are the full forward, vertical, and lateral excursions of the discrete trajectory, respectively. The first term independently suppresses excessive lateral swing by rewarding forward excursion relative to lateral excursion. The second term rewards forward excursion relative to vertical excursion and therefore prevents unnecessarily large lifting motion from dominating the trajectory. Both ratios are capped, at 7 and 5, respectively, to prevent a single geometric ratio from dominating the search. The custom score S_q first identifies the lower trajectory branch from the midpoint and endpoint geometry used in get_score.m. Let Δh_low denote the vertical excursion of the retained lower branch. A candidate is accepted by the active geometric checks only when its minimum forward coordinate exceeds 5 mm, the magnitude of its minimum vertical coordinate exceeds 22 mm, and its total vertical excursion Δh exceeds 3 mm. For a retained candidate, S_q = Δh/(0.01 + Δh_low) + 3/(1 + |mean(f)|), where mean(f) is the mean forward coordinate and 0.01 is a numerical regularizer. The first part of S_q therefore rewards sufficient total lift while favoring a lower trajectory branch with small vertical variation, and the second part favors placement of the trajectory closer to the desired forward-coordinate center. Candidates violating the lower-branch shape, clearance, placement, or minimum-lifting checks ultimately receive zero fitness, while candidates for which no admissible coupled trajectory is generated receive negative-infinite fitness. In addition, the rounded crank dimension and phase offset must satisfy 2L₁sin(δ/2) ≥ 1 mm. The phase offset is rounded to the nearest 5°, and the coupling constraint is evaluated with a tolerance of ±0.5°. This objective is a heuristic engineering score and should not be interpreted as a dimensionally normalized energy or gait-stability metric.
Supplementary Note 4. Genetic algorithm and selected parameters
A custom maximization genetic algorithm implemented in MATLAB was used as an offline dimensional-selection tool. The default search uses seven variables, a population of 300 chromosomes, and up to 300 generations. Parents are selected using rank-based stochastic universal sampling. Each generation retains the top 2% of the population, applies the custom gene-wise threshold crossover to 80% of the nonelite offspring, and generates the remaining offspring through bounded positive-perturbation mutation with a per-variable probability of 0.7. The run terminates after 300 generations or after 50 consecutive generations without improvement. The supplied default script opens a process-based parallel pool with 16 workers, and get_track.m retains the original GPU-based coupling-condition filtering. The final manufactured dimensions were not copied mechanically from the best theoretical chromosome; they were adjusted to accommodate drive placement, SCM tolerances, assembly clearance, interference avoidance, and onboard-module layout. The supplied code preserves the reported objective weights, phase handling, coordinate mapping, and genetic-operator behavior.
4.1 Supplementary code workflow
Supplementary Software 1 is organized around three user-facing scripts. The search bounds, fixed mechanism parameters, phase handling, coordinate mapping, and genetic-algorithm settings are defined in robot_config.m and main_optimization.m. Running main_optimization.m loads the precomputed theta_cache.mat and executes the custom GA. Running plot_xy_yz.m evaluates and plots a representative candidate and the final engineering-selected design listed in Supplementary Table 4. The supplied workflow retains the original array sizes and search resolution so that documentation changes do not alter the numerical workload.
The supplied theta_cache.mat stores the parallel-mechanism inverse-kinematic angle map for the fixed geometry and α–β sampling grid. Changing only the dimensional search bounds does not require regenerating this cache. If the fixed mechanism geometry or pose grid is changed, the cache can be regenerated by running robot_config followed by get_theta_matrix, as described in the package read_me.txt. The default implementation uses a 16-worker process-based parallel pool and gpuArray-based filtering in get_track.m. Because these settings can require substantial CPU and GPU memory, PoolSize may be reduced on lower-memory workstations without changing the mechanism model or objective, although execution time will increase. The exact MATLAB release and random seed used for the original representative run were not recorded; an archival rerun should explicitly record both.
The quantities in Supplementary Table 5 describe the measured response of the assembled characterization setup and should not be conflated with the gearbox manufacturer’s rated no-load output speed.
Supplementary Note 5. Performance-comparison definitions and level scoring
The performance-space comparisons in Fig. 6 of the main manuscript use values reported for selected insect-scale terrestrial robots. Panels A to C provide metric-specific comparisons of dynamic payload, dimensionless cost of transport (COT), and reported forward speed. The numerical values, hardware configurations, and source-specific reporting conventions used in these panels are summarized in Supplementary Table 11. In panels A to C, open circles denote untethered configurations and filled circles denote tethered configurations; the filled star denotes this work. This marker-fill convention does not apply to panel D. Because the compared platforms differ in actuation principle, tethering status, onboard power, control architecture, test surface, payload definition, and power-accounting boundary, panels A to C are intended to show relative placement within a broad performance space rather than performance under identical experimental conditions. The speed axis is therefore described as reported forward speed: most literature values are source-reported maxima or representative speeds, whereas the value for this work is the highest trial-averaged speed measured over the separate 40-cm high-speed trial under the standard configuration.
For this work, Fig. 6A uses the 50-g dynamic payload transported with the standard single-stage configuration. The common demonstrated quasi-static compression load of 12 N is excluded because it is not a transported dynamic payload, and the dedicated 250-g three-stage result is retained as a separate characterization in Fig. 2F. In Fig. 6C, this work uses the highest trial-averaged forward speed of 36.9 cm/s measured over the 40-cm high-speed trial with the 60 mAh battery and single-stage gearbox. The dimensionless COT in Fig. 6B is defined as COT = P/(mgv), with P = VI. Using m = 20.9 g, v = 0.369 m/s, V = 3.7 V, I = 0.5 A, and g = 9.8 m/s² gives an estimated COT of approximately 24.48. The camera was inactive during this measurement, so the value represents the locomotion electrical-energy boundary rather than complete task-level power consumption.
Panel D provides an ordinal five-dimensional capability profile for this work and four representative literature platforms: BHMbot (1), PLioBot (2), the quadruped piezoelectric robot (3), and the biomimetic tripedal piezo robot (4). These platforms were selected from the broader comparison set on the basis of comparable insect-scale terrestrial dimensions, availability of reported payload and forward-speed data, and sufficient source documentation to evaluate environmental capability and system-level integration. The selected platforms also span different actuation and design approaches and are intended to provide representative engineering contrasts rather than a comprehensive or statistically sampled benchmark of the literature.
The five dimensions are payload capacity, forward speed, compactness, environmental capability, and functional integration. For platforms with demonstrated untethered operation, payload capacity is defined as the additional external load that can be carried after integration of the onboard power and control hardware required for untethered locomotion. Directly measured untethered payloads are used when available. When only a corresponding tethered payload test and the mass of the subsequently integrated onboard hardware are reported, the residual external payload is estimated by subtracting the onboard-hardware mass from the tethered payload and is identified as a derived value. For platforms without a demonstrated untethered implementation, the source-reported tethered payload is retained and explicitly identified as such. This definition is intended to make payload capacity more relevant to deployable system configurations while preserving the distinction between directly measured and derived values.
Payload capacity, forward speed, and characteristic body length are mapped to discrete levels using predefined numerical ranges. Payload capacity is assigned as follows: L1, <1 g; L2, 1 to <5 g; L3, 5 to <20 g; L4, 20 to <100 g; and L5, ≥100 g. 
Forward speed is assigned as follows: L1, <10 cm/s; L2, 10 to <20 cm/s; L3, 20 to <35 cm/s; L4, 35 to <50 cm/s; and L5, ≥50 cm/s. 
Compactness is based on characteristic body length, with smaller values assigned higher levels: L5, ≤2.5 cm; L4, >2.5 to 4.0 cm; L3, >4.0 to 6.0 cm; L2, >6.0 to 8.0 cm; and L1, >8.0 cm.
Environmental capability is assigned according to the breadth and complexity of demonstrated operating environments: L1, locomotion demonstrated only on controlled, approximately flat surfaces; L2, locomotion demonstrated in a single nonideal but approximately planar environment; L3, locomotion across multiple nonideal terrains or demonstrated discrete-obstacle traversal; L4, multiple-terrain capability together with confined- or complex-space operation; and L5, broad multi-environment capability including confined- or complex-space operation and demonstrated traversal of a discrete obstacle with a height of at least 5 mm or approximately 10% of the characteristic body length.
Functional integration is assigned according to the degree of self-contained system integration: L1, tethered or externally supported locomotion without demonstrated onboard power for self-contained operation; L2, untethered locomotion with onboard power and basic onboard control; L3, L2 together with wireless communication or wireless command capability; L4, L3 together with onboard sensing; and L5, L4 together with task-specific hardware and demonstrated task-level operation. Here, functional integration refers to onboard system-level integration rather than mechanical or fabrication integration. Because untethered operation is incorporated directly into this rubric, tethering status is not separately encoded in the platform labels in Fig. 6D; accordingly, the open/filled marker convention used in panels A to C does not apply to the pentagons or their vertex markers.
The environmental-capability and functional-integration dimensions are qualitative, source-based ordinal descriptors. They are not intended to represent interval-scale measurements, objectively weighted quantities, or mutually independent dimensions. Levels are assigned only from capabilities explicitly demonstrated or described in the cited studies. The resulting pentagons therefore summarize the breadth and distribution of reported engineering capabilities rather than performance obtained under a common experimental protocol or an overall ranking. Configuration-specific values, derived payload estimates, source evidence, and assigned levels are summarized in Supplementary Table 12.
Long-distance terrestrial mobility is not included as a separate axis in Fig. 6 because the literature reports endurance using heterogeneous quantities, including operating time, measured travel distance, and energy-based estimated range. S²worm, for example, estimated an allowable travel distance of approximately 208 m from stored battery energy and measured energy per meter rather than by executing a continuous 208 m run (5). The electrostatic-footpad soft robot directly traveled 31 m over 19 min in an endurance experiment (6). Other representative platforms report endurance primarily in minutes (1), (3). Accordingly, the approximately 407 m trials in the present work are described as directly measured long-distance demonstrations rather than as a cross-platform distance record.
Supplementary Note 6. Software and raw data
Supplementary Software 1 contains the MATLAB implementation of the offline dimensional-selection workflow described in Supplementary Notes 3 and 4. The user-facing workflow is centered on main_optimization.m, robot_config.m, and plot_xy_yz.m, together with the genetic-algorithm, kinematic, trajectory, and supporting solver files. The package-level read_me.txt identifies the entry points, expected inputs and outputs, cache-regeneration procedure, and computational requirements. The code preserves the reported objective weights, phase handling, coupling tolerance, coordinate mapping, and genetic-operator behavior; the exact MATLAB release and random seed used for the original representative run were not recorded and should therefore not be inferred from a rerun.
The raw quasi-static compression/recovery data comprise nine CSV files: pre-compression 2 N, high-compression, and post-compression 2 N measurements for each of the three compression prototypes. The accompanying plotting script reproduces the baseline correction, bottoming detection, 12-N common-demonstrated-load markers, 0.1-N displacement referencing, mean recovery curves, and horizontal sample-SD error bars used in Fig. 2, H and I. The R1-R3 labels in these files refer only to the compression experiment and do not identify the long-distance prototypes. Numerical comparison values used in Fig. 6 are consolidated in Supplementary Table 11 with source-specific notes.
Supplementary Note 7. Multi-prototype quasi-static compression and recovery
The quasi-static compression experiment was performed on three independently fabricated robot prototypes using an Instron 5965 universal testing machine. The upper compression platen was circular with a diameter of 80 mm, and the lower support platform was circular with a diameter of 120 mm. Displacement-controlled loading was applied at 0.01 mm/s, and one force-displacement sample was recorded every 0.02 s, corresponding to a sampling rate of 50 Hz. The machine force ceiling was set to 20 N as an upper safety bound. For each prototype, a low-load 2 N compression response was first recorded. The robot was then compressed until the body-leg structure reached geometric bottoming and the local force-displacement slope increased sharply; the operator manually stopped the test at this stage before destructive loading. The recorded terminal forces were 12.00 N, 15.03 N, and 14.70 N for the three prototypes. These terminal values reflect experiment termination rather than failure and therefore should not be interpreted as ultimate compressive capacities. All three prototypes reached the common demonstrated load of 12 N without fracture or loss of mechanical function.
For the high-compression curves in Fig. 2H, force was baseline-corrected using the initial unloaded portion of each record. The onset of geometric bottoming was detected from the terminal increase in local force-displacement slope using the same processing rule for all three prototypes. A moving average was used only for visualization and bottoming-point detection; the common 12 N condition was directly present in the recorded force data. Open circles in Fig. 2H denote the detected bottoming onset, diamonds denote the common demonstrated load of 12 N, and triangles denote the manually terminated endpoints. Because the test was stopped after the post-bottoming stiffness increase and before the 20 N machine ceiling or destructive failure, the endpoint markers are not failure-load measurements.
After unloading, each prototype was retested under a nominal 2 N compression. Because the displacement zero was manually initialized and is not a unique physical contact point, each low-load curve was referenced to the displacement measured at 0.1 N. This reference force is five times the approximately 20 mN force resolution used during screening and avoids unstable extrapolation through the near-zero contact region. The recovery plot in Fig. 2I is formed by interpolating each prototype in the force domain over the common loading range, calculating the mean displacement across the three prototypes, and reporting horizontal ±1 sample-SD error bars at selected force levels. Supplementary Fig. 9 shows the corresponding individual before/after responses. The curves demonstrate retained low-load mechanical function after high compression, while not implying identical stiffness or zero prototype-to-prototype variation. The three compression prototypes are distinct physical specimens from the three prototypes used in the long-distance experiments; R1-R3 labels are local to each experiment.
Supplementary Note 8. Long-distance protocol and repeatability
Long-distance operation used the single-stage gearbox and a 1000 mAh battery with a mass of 15.7 g. The test was repeated on three independently fabricated prototypes that were physically distinct from the three specimens used in the quasi-static compression experiment. Each robot was assigned the same prescribed task: complete one lap in lane 2 of the athletics track, corresponding to approximately 407 m, on the same synthetic track surface. The same battery specification and control configuration were used in all three runs. The battery was treated as both the energy source and a substantial onboard load, and the modified semicircular flexure-hinge transition described in the main manuscript was used for all three tests. The ambient temperature was 29 °C during the R1 and R2 trials and 31 °C during the R3 trial.
Cumulative elapsed time was extracted from identifiable video checkpoints at predefined distances of 0, 100, 203.5, 303.5, and 407 m. Trial-level times are reported in Supplementary Table 6. Fig. 4G of the main manuscript shows the cumulative distance-time profiles for all three prototypes; the time annotations are the mean checkpoint times rounded to the nearest second. Supplementary Table 6 provides the individual checkpoint times. The overall speeds calculated from the 407 m completion times were 0.1571, 0.1588, and 0.1563 m/s for R1, R2, and R3, respectively, yielding 0.1574 ± 0.0013 m/s (mean ± sample SD), reported in the main text as 0.157 ± 0.001 m/s. R1 is used for the representative video frames in Fig. 4H. For that run, battery voltage decreased from 4.2 to 3.68 V.
Each run was actively terminated after completion of the prescribed lap rather than by battery depletion, low-voltage protection, thermal limitation, or structural failure. The experiment therefore demonstrates repeatable long-distance terrestrial operation under the specified load and hardware configuration, but does not establish the maximum endurance time or maximum travel range. Establishing full endurance would require a common termination criterion and continuous voltage, current, and motor-temperature logging across repeated prototypes.
Supplementary Table 7 consolidates the repetition counts explicitly reported in the main manuscript. The voltage-dependent speed series in Fig. 2A comprised 10 repeated straight-line trials at each commanded drive voltage. For slope traversal, five trials were performed at each inclination, but only the resulting condition means were retained; the individual trial values are no longer available, so per-angle dispersion and error bars cannot be reconstructed. Unless otherwise stated, dispersion is reported as the sample standard deviation. No inferential hypothesis testing is applied to these engineering characterization experiments with limited sample sizes; the emphasis is on repeated physical demonstrations, failure boundaries, and transparent configuration-specific reporting.
Supplementary Figures
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Supplementary Fig. 1 | SCM fabrication and body-frame assembly. A Carbon-fiber/PI laminate stack. B released planar components and compliant-joint locations. C folded and assembled rigid-flex body frame.
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Supplementary Fig. 2 | Single-DOF coupled transmission and system control architecture. A Mechanically coupled crank-rocker and three-branch parallel mechanism used to generate coordinated spatial foot motion from a single continuous rotary input. B CAD implementation of the coupled transmission and leg assembly within the robot body frame. C Teleoperation, sensing, communication, and actuation architecture. The CMOS camera transmits image data through the wireless link to the operator terminal, the nine-axis IMU provides yaw feedback to the ESP32 controller, and the controller commands the left and right drive units. Solid arrows indicate data or command flow; dashed boundaries group the control-and-communication, perception, and actuation modules.
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Supplementary Fig. 3 | Qualitative foot-geometry screening during prototype locomotion. A Spherical foot pads showed weak directional constraint and occasional lateral drift in preliminary tests. B The selected C-shaped feet produced more stable forward progression under the tested conditions. Renderings at right show the corresponding foot geometries. Red and green arrows indicate qualitative motion tendencies rather than measured ground-reaction forces.
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Supplementary Fig. 4 | Representative trajectory validation and key performance demonstrations. A Representative comparison of the CAD-predicted and experimentally observed foot trajectories. B Representative 40-cm straight-line trial at a 3 V drive condition; the trial-averaged forward speed was 36.9 cm/s (6.2 BL/s). C Representative deformation under the common demonstrated quasi-static load of 12 N; the red line indicates the base position before compression. D Representative locomotion with a 50-g payload using the standard single-stage configuration (2.6 BL/s). E Representative locomotion with a 250-g payload using the dedicated three-stage high-torque configuration (0.6 BL/s).
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Supplementary Fig. 5 | Mechanism configuration and geometric definitions. A Three-branch parallel mechanism. B crank-rocker transmission. C coupled input branches. D moving-platform and foot-linkage geometry. Symbols are defined in Supplementary Table 1.
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Supplementary Fig. 6 | Inverse-kinematic procedure used to generate the coupled foot trajectory. Parallel-mechanism, crank-rocker, and foot-linkage parameters together with the fixed coupling parameter δ define each candidate calculation. Candidate moving-platform poses (α, β) are mapped to the parallel-mechanism input angles (θ2, θ3) and then to the crank-rocker output angles (φ2, φ3). Only poses satisfying φ2 − φ3 = δ and the geometric feasibility constraints are retained; the corresponding foot point H is then calculated to form the discrete quasi-elliptical trajectory.
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Supplementary Fig. 7 | Genetic-algorithm-based dimensional-selection procedure corresponding to Supplementary Software 1. Each chromosome is mapped to a coupled foot trajectory, evaluated using the heuristic objective F and geometric feasibility checks, and updated through rank-based selection, custom crossover, bounded mutation, and elitism until the generation or stall criterion is reached.
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Supplementary Fig. 8 | Dimensional-selection results and representative trajectory comparison. A Best and population-mean fitness during the reported representative run; B trajectory generated by a representative nonselected parameter set; C trajectory generated by the final engineering-selected parameter set. Because the search is stochastic and the original random seed was not recorded, a new run may not reproduce the identical fitness history or best theoretical chromosome.
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Supplementary Fig. 9 | Individual low-load compression responses before and after the high-compression test. A R1. B R2. C R3. Displacement is referenced to the position at 0.1 N for each curve. These individual traces underlie the mean curves and horizontal ±1 SD error bars reported in Fig. 2I of the main manuscript.
Supplementary Tables
Supplementary Table 1. Main symbols used in the kinematic model.
	Symbol
	Description
	Unit

	θ
	Parallel-mechanism input angle obtained from the candidate moving-platform pose
	° or rad

	φ
	Crank-rocker output angle used to evaluate the coupling condition
	°

	α
	Moving-platform pitch/lifting-related attitude variable
	°

	β
	Moving-platform torsional attitude variable
	°

	δ
	Fixed phase offset imposed by the mechanical coupling
	°

	Gₚ
	Geometric parameter set of the parallel mechanism
	—

	G_c
	Geometric parameter set of the crank-rocker mechanism
	—

	Gₗ
	Geometric parameter set of the foot linkage
	—

	L₁–L₆
	Dimensional design variables defined in Fig. S5
	mm

	H
	Spatial position vector of the foot endpoint
	mm

	Δf
	Full trajectory excursion along the forward direction
	mm

	Δh
	Full trajectory excursion along the vertical direction
	mm

	Δl
	Full trajectory excursion along the lateral direction
	mm

	S_q
	Custom lower-trajectory shape, lifting-feasibility, clearance, and centering score
	—

	F
	Trajectory-quality objective value (maximized)
	—



Supplementary Table 2. Search bounds for the dimensional design variables.
	Symbol
	Lower bound
	Upper bound
	Unit

	L1
	1.5
	2.0
	mm

	L2
	6
	13
	mm

	L3
	1
	9
	mm

	L4
	5
	12
	mm

	L5
	5
	20
	mm

	L6
	10
	30
	mm

	δ
	10
	150
	°



Supplementary Table 3. Genetic-algorithm settings implemented in Supplementary Software 1.
	Item
	Value

	Optimization algorithm
	Custom maximization genetic algorithm

	Number of design variables
	7

	Population size
	300

	Maximum generations
	300

	Independent runs in the supplied default script
	1

	Parent selection
	Rank-based stochastic universal sampling

	Elite ratio / count
	2% / 6 chromosomes

	Crossover fraction
	0.8

	Crossover operator
	Custom gene-wise threshold crossover

	Mutation probability
	0.7 per variable

	Mutation operator
	Bounded positive perturbation, clipped at the upper bound

	Phase-offset discretization
	Rounded to the nearest 5° during evaluation

	Coupling tolerance
	±0.5°

	Parallel evaluation
	16 process workers requested; GPU-based coupling filtering retained in get_track.m

	Termination criterion
	300 generations or 50 stall generations

	Random seed
	Not recorded for the original representative run



Supplementary Table 4. Final engineering-selected geometric parameters used for prototype design.
	Symbol
	Final selected value
	Unit

	L1
	1.9
	mm

	L2
	10.6
	mm

	L3
	5.6
	mm

	L4
	10.1
	mm

	L5
	15
	mm

	L6
	16.5
	mm

	δ
	40
	°



Supplementary Table 5. Measured rotational response of the assembled single-stage drive/transmission setup under different commanded drive voltages.
	Voltage (V)
	Measured frequency (Hz)
	Equivalent rotational speed (rpm)

	1.5
	32.6
	1956

	2.0
	41.3
	2478

	2.5
	45.7
	2741

	3.0
	51.0
	3060



Supplementary Table 6. Trial-level checkpoint times for the three long-distance prototypes.
	Checkpoint distance
	R1 elapsed time
	R2 elapsed time
	R3 elapsed time
	Mean elapsed time ± SD (s)

	0 m
	00:00
	00:00
	00:00
	0.0 ± 0.0

	100 m
	08:26
	09:16
	08:40
	527.3 ± 25.8

	203.5 m
	23:09
	21:16
	22:06
	1330.3 ± 56.6

	303.5 m
	31:27
	30:54
	30:57
	1866.0 ± 18.2

	407 m
	43:10
	42:43
	43:24
	2585.7 ± 20.8



Supplementary Table 7. Repetition counts and reporting conventions for the principal repeated experiments.
	Experiment
	Hardware/configuration
	Repetition count
	Primary reporting

	Straight-line locomotion / voltage series
	Standard: 60 mAh + single-stage
	10 trials at each commanded voltage
	Mean speed at each voltage; trial-to-trial dispersion shown in Fig. 2A

	Target 90° turning
	Standard
	10 trials
	Mean angle, sample SD, mean absolute error

	Slope traversal
	Standard
	5 trials per slope angle
	Retained mean net speed at 3°, 5°, 6°, and 7°; individual trial values not retained, so dispersion is unavailable

	Quasi-static compression/recovery
	Three independently fabricated prototypes; distinct set from long-distance specimens
	n = 3 prototypes
	Individual high-load curves; recovery mean ± sample SD

	Multi-terrain locomotion
	Standard
	10 trials per terrain condition
	Success rate and observed failure mode

	Open-area marker/passage course
	Standard
	5 trials
	5/5 success; completion time 62.6 ± 4.3 s

	Long-distance operation
	1000 mAh + single-stage; three prototypes distinct from compression specimens
	n = 3 prototypes; one prescribed lap per prototype
	~407 m each; mean overall speed 0.157 ± 0.001 m/s; trial-level times in Table S6

	Confined pickup-and-return task
	Extended-leg task configuration; 60 mAh + single-stage
	10 trials
	8/10 success; mean time ~42 s across successful trials



Supplementary Table 8. Mapping of scenario requirements to design responses and experimental validation.
	Scenario requirement
	Design requirement
	Design response in this work
	Validation test

	Low-clearance entrance and narrow passage
	Insect-scale dimensions, low profile, and small-radius orientation adjustment
	Characteristic body length of approximately 6 cm; low-center-of-mass quadruped layout; differential/counter-rotation drive
	8 cm-high low-clearance region; 11 cm-wide passage; target 90° turning

	Hard nonideal surface
	Foot lift, support continuity, and impact mitigation
	Single-DOF coupled transmission generating a three-dimensional foot trajectory; C-shaped feet
	Stone slabs, cobblestones, an approximately 1 cm discontinuity, and an approximately 1 cm-high obstacle

	Loose surface
	Matching contact area to ground bearing capacity
	Replaceable C-shaped feet; matched foot geometry and trajectory
	Sand locomotion, success rate, and sinkage/ineffective-cycling failure modes

	Perception and teleoperation
	Vision, attitude feedback, and wireless communication
	CMOS camera, nine-axis IMU, and ESP32 wireless link
	Test-tube localization, approach, and pickup task

	Task module and payload transport
	Structural load support, dynamic payload capacity, and a low-complexity interface
	SCM body; magnetic module; dedicated three-stage configuration used only for dynamic-payload characterization
	50–250 g dedicated dynamic-payload test; 12 N common demonstrated compression load across three prototypes; loaded return with the test tube

	Open-area locomotion
	Large-area path execution, heading adjustment, and long-distance operation under load
	Standard configuration with a 60 mAh battery and single-stage gearbox; long-distance configuration with a 1000 mAh, 15.7 g battery and single-stage gearbox
	3 m × 1.5 m marker-circumnavigation/10 cm passage: 5/5 successes; long-distance load-carrying operation: approximately 407 m per prototype, mean speed 0.157 ± 0.001 m/s (n = 3)



Supplementary Table 9. Main system specifications and their validation purposes.
	Category
	Metric/configuration
	Value or status
	Validation purpose

	Size and mass
	Characteristic body length
	Approximately 6 cm
	Entry into confined spaces and comparison with robots of similar scale

	Size and mass
	Mechanical-structure mass/task-integrated mass
	9.85 g/20.9 g
	Distinguish the mechanical base from the task-integrated prototype

	Power
	Small-capacity battery
	60 mAh, approximately 1.7 g
	Default battery for all experiments except the long-distance trial; also retained in the dedicated three-stage payload test

	Power
	Large-capacity battery
	1000 mAh, 15.7 g
	Used only in the long-distance experiments

	Locomotion
	Mean forward speed
	27.72 cm/s (10 trials; approximately 4.6 BL/s)
	Baseline locomotion performance of the standard configuration

	Turning
	Target 90° turn
	Approximately 0.13 s; 12.2 rad/s; mean absolute error of 12.0°
	Rapid small-radius orientation adjustment and its accuracy boundary

	Slope
	Stable climbing boundary
	Approximately 6°; net downslope slip at 7°
	Report the failure boundary rather than only successful conditions

	Payload
	Dynamic payload
	Continuous locomotion with 250 g in the dedicated three-stage payload-test configuration
	Upper dynamic-payload capability characterization only

	Structure
	Quasi-static compression
	12 N common demonstrated load across three independently fabricated prototypes; low-load response retained after unloading
	Multi-prototype structural load-bearing and recovery validation; destructive limit not measured

	Energy
	COT
	Approximately 24.48
	Cross-platform energy-efficiency positioning

	Perception/control
	Camera, IMU, and wireless link
	Teleoperated; IMU-assisted heading regulation
	Visual feedback and attitude-assisted teleoperation



Supplementary Table 10. Summary of representative experimental results.
	Capability category
	Experiment
	Main result
	Capability/limitation

	Baseline locomotion
	Straight-line locomotion at 3 V
	Highest trial-averaged forward speed of 36.9 cm/s over the 40-cm high-speed trial (approximately 6.2 BL/s); 3-V voltage-series mean of 27.72 cm/s over 10 trials
	High normalized speed in the standard configuration

	Rapid orientation adjustment
	Target 90° turning
	Mean angle of 91.2° ± 15.0° over 10 trials; mean absolute error of 12.0°; representative turning time of approximately 0.13 s; representative turning radius < 1 cm
	Rapid, small-radius turning, but with substantial error and dispersion

	Slope traversal
	3°–7° slopes
	20.0, 8.0, and 8.75 cm/s at 3°, 5°, and 6°; −3.1 cm/s at 7°
	Stable climbing boundary of approximately 6°; only aggregate condition means were retained, so per-angle dispersion is unavailable

	Standard dynamic-payload test
	60 mAh battery + single-stage gearbox
	Continuous locomotion with 10–50 g; failure at 60 g
	Routine single-stage configuration; continuous locomotion up to 50 g

	Dedicated high-torque dynamic-payload test
	60 mAh battery + three-stage gearbox
	Normal locomotion with 50–250 g; degraded at 300 g; failure at 400 g
	Upper payload characterization only; three-stage gearbox not used in other experiments

	Structural load bearing
	Quasi-static compression
	12 N common demonstrated load across three independently fabricated prototypes; low-load response retained after unloading
	Multi-prototype structural load-bearing and recovery validation; destructive limit not measured

	Multi-terrain locomotion
	Surface transitions, loose sand, discontinuities, and obstacles
	Synthetic track, grass, cobblestones, stone slabs, and sand; approximately 1 cm discontinuity/obstacle
	Traverses common nonideal surfaces; tipping and sinkage remain possible

	Open-area mobility
	60 mAh battery + single-stage gearbox
	5/5 successes; 62.6 ± 4.3 s; minimum 57 s
	Repeatable teleoperated path adjustment and narrow-passage traversal

	Long-distance load-carrying operation
	1000 mAh, 15.7 g battery + single-stage gearbox; lane 2 of an athletics track
	Three independently fabricated prototypes each completed approximately 407 m; mean overall speed 0.157 ± 0.001 m/s
	Repeated long-distance propulsion under substantial additional load; distinct prototype set from compression tests; full endurance not characterized

	Task validation
	Test-tube pickup and return
	8 successes in 10 trials (80%); mean completion time of approximately 42 s across successful trials; traversal of an 8 cm-high low-clearance region and an 11 cm-wide passage
	Complete teleoperated task chain demonstrated; reliability remains limited by tipping and target-alignment errors



Supplementary Table 11. Payload, speed, and dimensionless COT data used in Fig. 6. The value for this work uses the standard single-stage configuration across all three panels; the dedicated 250 g high-torque payload result is excluded from Fig. 6. Marker fill follows the exact configuration used for each plotted value: open circles denote untethered configurations and filled circles denote tethered configurations; the filled star denotes this work. n.r. denotes not reported or not included in the corresponding panel.
	Robot/platform
	Characteristic body length (cm)
	Dynamic payload (g)
	Reported forward speed (cm/s)
	Dimensionless COT
	Data notes

	This work
	6
	50
	36.9
	24.48
	20.9 g baseline task-integrated prototype; 50 g is the maximum continuous payload demonstrated with the standard single-stage configuration; 36.9 cm/s is the highest trial-averaged forward speed measured over the 40-cm high-speed trial with the same standard configuration; dimensionless COT = P/(mgv) = 24.48. The dedicated 250 g three-stage result is excluded from Fig. 6.

	HAMR-VP (1)
	4.37
	n.r.
	44.2
	n.r.
	1.27 g tethered HAMR-VP; maximum speed 44.2 cm/s (10.1 BL/s).

	HAMR-F (2)
	4.5
	n.r.
	17.2
	83.9
	2.8 g; onboard power and control autonomy

	DASH (3)
	10
	n.r.
	150
	1.50
	16.2 g; 15 BL/s; the reported 14.7 J/(kg·m) is divided by g to obtain dimensionless COT

	RoACH (4)
	3
	n.r.
	3
	n.r.
	2.4 g; 3 cm long; maximum speed of 3 cm/s

	S²worm (5)
	4.1
	n.r.
	27.4
	52.4
	4.34 g; untethered insect-scale robot

	S²worm-G (6)
	4
	n.r.
	75
	17.3
	4.71 g; maximum speed of 18.8 BL/s

	BHMbot (untethered) (7)
	2
	n.r.
	35
	303.7
	1.76 g; 17.5 BL/s; wireless and untethered

	BHMbot payload prototype (7)
	1.5
	2
	37.5
	n.r.
	0.38 g prototype; carries a 2 g payload at 25 BL/s

	mCLARI (10)
	2
	n.r.
	6
	n.r.
	0.97 g; shape-morphing; 3 BL/s

	PVDF soft robot (Wu 2019) (11)
	1
	n.r.
	20
	n.r.
	0.024 g, 10 mm prototype; 20 BL/s

	PVDF soft robot load case (11)
	3
	0.406
	n.r.
	n.r.
	3-cm-class prototype; 0.064 g robot carries a 0.406 g payload (approximately six times robot mass).

	DEAnsect (12)
	4
	n.r.
	3
	n.r.
	190 mg tethered body; maximum tethered speed 30 mm/s (3 cm/s). The 0.97 g untethered integrated version reaches 12 mm/s (1.2 cm/s). Fig. 6 uses the source-reported maximum speed.

	VelociRoACH (13)
	10
	n.r.
	270
	0.98
	Approximately 29.1 g; maximum speed of 2.7 m/s; specific resistance used as dimensionless COT

	DynaRoACH (13, 27)
	10
	n.r.
	140
	1.1
	Approximately 23.7 g; original DynaRoACH reaches 14 BL/s (1.4 m/s); specific resistance 1.1 is reported in the VelociRoACH comparison table.

	Multimodal wheel microrobot (14)
	3.2
	n.r.
	67.8
	89
	4.74 g; tethered maximum speed of 21.2 BL/s; COT approximately 89

	PLioBot (15)
	2.5
	1.4
	44.6
	n.r.
	1.2 g; maximum speed of 17.84 BL/s; carried 1.4 g through a tunnel and an L-shaped passage

	Single-actuator soft microrobot (16)
	2
	n.r.
	9.6
	117
	1.12 g; untethered; 4.8 BL/s; reported dimensionless COT of 117

	Amphibious piezo microrobot (17)
	4.5
	5
	15.3
	n.r.
	1.4 g; terrestrial dynamic payload of 5 g

	Quadruped piezoelectric robot (18)
	7
	419
	54.29
	n.r.
	14.47 g tethered prototype; maximum speed of 542.9 mm/s; payload 28.96 times body weight

	Untethered PVDF robot (24)
	2.4
	n.r.
	6
	n.r.
	24-mm power-autonomous prototype; maximum relative running speed 2.5 BL/s, corresponding to approximately 6 cm/s.

	iSprawl (25)
	15.5
	n.r.
	230
	1.75
	Approximately 0.3 kg; 15 BL/s (approximately 2.3 m/s); specific resistance approximately 1.75.

	HAMR-VI (26)
	4.5
	2.9
	n.r.
	n.r.
	Model-based redesign of HAMR; demonstrated payload capacity of 2.9 g.

	AH morphing robot (28)
	0.5
	n.r.
	41.7
	n.r.
	5-mm, 10-mg tethered robot; maximum relative speed 83.4 BL/s, corresponding to 41.7 cm/s. Arc-heating actuation uses an external high-voltage supply.

	Omnidirectional tripodal piezo robot (29)
	3.1
	n.r.
	3.066
	139
	Untethered 12.2-g prototype; size Φ3.10 × 2.75 cm³; peak speed 30.66 mm/s on glass; reported dimensionless COT 139.

	Biomimetic tripedal piezo robot (30)
	3.9
	180
	26.537
	1.91
	Untethered 20.9-g prototype; with a 180-g load, maximum forward speed was 265.37 mm/s and the minimum COT was 1.91. The same loaded condition is used for the Fig. 6 values.



Supplementary Table 12. Raw values and level scores used for the multidimensional performance pentagons in Fig. 6D.
	Robot/platform
	Payload capacity
	Forward speed
	Compactness
	Environmental capability
	Functional integration

	This work
	50.0 g (L4)
	36.9 cm/s (L4)
	6.0 cm (L3)
	L5
	L5

	BHMbot (7)
	~ 0.6 g (L1)
	35.0 cm/s (L4)
	2.0 cm (L5)
	L3
	L5

	PLioBot (15)
	1.4 g (L2)
	44.6 cm/s (L4)
	2.5 cm (L5)
	L5
	L1

	Quadruped piezoelectric robot (18)
	~ 414.7 g (L5)
	26.3 cm/s (L3)
	7.0 cm (L2)
	L1
	L3

	Biomimetic tripedal piezo robot (30)
	180.0 g (L5)
	26.537 cm/s (L3)
	3.9 cm (L4)
	L2
	L3


Values prefixed by ~ are derived residual-payload estimates rather than directly measured untethered payload limits. The BHMbot value (0.6 g) is estimated by subtracting the reported 0.6-g control circuit and 0.8-g battery from the 2.0-g tethered payload capacity. The quadruped piezoelectric robot value (414.7 g) is estimated by subtracting the 4.33-g mass increase from the 419-g tethered payload limit when moving from the 14.47-g tethered prototype to the 18.8-g untethered integrated prototype. The PLioBot payload and speed values are source-reported tethered values because no untethered implementation was demonstrated.
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