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Abstract: 34 

Insect–computer hybrid robots offer strong potential for navigating complex terrains. 35 

This study identified the intersegmental membrane between the pronotum and 36 

mesothorax of the Madagascar hissing cockroach as an effective site for electrical 37 

stimulation to control direction and speed. A pair of bipolar electrodes was custom-38 

designed, and an automatic assembly system was developed, integrating a robotic arm, 39 

vision-based site detection, and an insect fixation structure. The system achieved 40 

assembly in 68 s. Hybrid robots exhibited robust steering (over 70°) and deceleration 41 

(68.2% speed reduction) with performance comparable to manually assembled 42 

counterparts. Controlled navigation along an S-shaped path confirmed accurate 43 

directional control. Furthermore, a multi-agent system of four hybrid robots covered 44 

80.25% of an obstructed terrain in 10 minutes and 31 seconds. This work demonstrates 45 

a scalable strategy for automating the fabrication of insect–computer hybrid robots, 46 

enabling efficient and reproducible assembly process while maintaining effective 47 

locomotion control. 48 

 49 
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1. INTRODUCTION 56 

Various insect-scale robots have been engineered, demonstrating exceptional 57 

maneuverability within complex and narrow terrains1–5. This capability has spurred 58 

advancements in mechanically structured and insect-computer hybrid robots (i.e., 59 

biobots or cyborg insects). While these robots have a similar size, they possess unique 60 

self-locomotion energy sources3,6,7 and adaptability to challenging terrains8. Therefore, 61 

such robots’ potential is increasingly explored as a robotic platform3,9–13 across various 62 

applications. 63 

To achieve locomotion control in insects, researchers have studied stimulation 64 

electrodes targeting their muscles, neuron systems, and sensory organs7,14–17. Both 65 

invasive2,3,15 and non-invasive electrodes7 have been manually implanted into the 66 

insects’ target body parts to enhance stimulation. However, the intricate and fragile 67 

anatomy of insects makes the manual surgery process time-consuming (~ 15 minutes 68 

per insect18) and difficult15. For instance, insects' small and soft antennae and cerci 69 

necessitate the use of specialized microinstruments and microscopes to manipulate their 70 

tissues accurately. Even minimal force can cause unintended shape changing, making 71 

procedures highly demanding (Fig. S1). Furthermore, the success of the surgical 72 

procedure significantly reliant on the operator’s expertise2,3,15, which impacts the risk 73 

of accidental injury to the insects. Due to variations in the operator’s surgical skills, 74 

even with the same implantation method, the insect–computer hybrid robots operated 75 

by different operators may behave differently.  76 

For consistent production of insect-computer hybrid robots, transitioning from 77 

manual to automatic assembly processes is imperative, particularly for applications that 78 

demand large scale deployment, such as post-disaster search and rescue or factory 79 

inspections, where multiple robotic agents significantly enhance efficiency than a 80 
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single unit19,20. Therefore, developing automatic assembly methods for insect-computer 81 

hybrid robots is crucial for mass production. The Madagascar hissing cockroach has 82 

been used in various applications as a powerful platform3,8,13,21. Consequently, our 83 

study focuses on optimizing its mass production. Although these insects generally share 84 

a similar body structure, individual size variations pose challenges to achieving uniform 85 

localization of the implantation site in contrast to some assembly tasks for mechanical 86 

parts of certain shapes22. Consequently, to ensure precise localization of the 87 

implantation site, advanced deep learning techniques are employed.  88 

To control the locomotion direction of Madagascar hissing cockroach, stimulation 89 

protocols have been developed on the insects’ antennae and abdomen3,15,23. The 90 

antennae detect and navigate around the obstacles24, and the tactile stimuli25 91 

significantly influence cockroach movement. The electrical stimulation of the antennae 92 

effectively induces directional turning among the insects7,15. However, the antennae are 93 

soft, fragile, and tiny15 (with a 0.6 - 0.7 mm diameter, Fig. 1B), posing challenges in 94 

securely attaching and implanting electrodes. Moreover, antennae used in hybrid robots 95 

to enable autonomous obstacles navigation7,26 destroy the insects’ innate ability to 96 

maneuver around the obstacles7,27. Therefore, this study excludes antennae as the target 97 

site for stimulation .  98 

Stimulating the abdomen’s sides influences the locomotion direction of the insects3. 99 

However, cockroaches’ abdominal cuticles are short and thin—with the third 100 

abdominal cuticle measuring 3.8–5.0 mm in length and 0.2–0.3 mm in thickness—101 

making automatic electrode implantation difficult. Consequently, an alternative 102 

stimulation site should be explored. Building upon studies on similar terrestrial 103 

platforms such as Zophobas morio, which alters its locomotion direction when 104 

stimulated on the pronotum and elytra2, we hypothesized that pronotal stimulation 105 
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would similarly alter the cockroach’s direction. Notably, the pronotum cuticle is both 106 

larger and thicker than the abdominal cuticles, measuring approximately 11.6 - 13.4 107 

mm in length, 0.5 - 0.6 mm in thickness, which eases attachment and detection. 108 

Additionally, akin to the interspace between abdominal segments7, an intersegmental 109 

membrane between the pronotum and the mesothorax is the key target site for 110 

stimulation, enabling directional control of the insect (Fig. 1C).  111 

This study proposes a stimulation protocol designed to control an insect-computer 112 

hybrid robot. To analyze the insects’ responses to electrical stimulation, we recorded 113 

their neural activities, foreleg movements, and locomotion patterns during simulation. 114 

A backpack was developed, integrating microcontroller, stimulation electrodes, and a 115 

mounting device (Fig. 1B, Fig. 1C). The hybrid robot was controlled wirelessly for 116 

steering and stopping. Next, an automatic assembly was developed, incorporating a 117 

slide motor, a fixation structure for the insect, an intel RealSense D435 camera, a 118 

Robotiq Hand-e gripper and a Universal Robot UR3e (Fig. 1A). This system relied on 119 

the visual detection of the target body position. During the assembly process, the insect 120 

was fixed in a structure mounted on a motor-driven slider. After assembling the 121 

backpack into the insect, the insect fixation structure was released, completing the 122 

assembly of the hybrid robot. Five automatically assembled hybrid robots were studied 123 

for locomotion control, including steering, and deceleration, with their performance 124 

compared to that of the manually assembled ones. Four hybrid robots traversed an 125 

outdoor uneven terrain using a UWB localization system.  126 

 127 



6 
 

2. RESULTS and DICUSSION 128 

2.1 Bipolar Electrode  129 

Due to the challenges of securing the antennae and abdomen and implanting 130 

electrodes with the robotic arm, this study focuses solely on the pronotum. To facilitate 131 

turning locomotion in cockroaches and minimize the number of implantation sites, a 132 

pair of bipolar electrodes was designed and implanted on the left and right sides of the 133 

intersegmental membrane between the pronotum and mesothorax (Fig. 1C, and Fig. 134 

2A). Each bipolar electrode comprised a copper pattern for electrical signal 135 

transmission and a microneedle structure to rapidly puncture the intersegmental 136 

membrane, and a hook mechanism to prevent detachment after implantation. 137 

 The complex structural features and the combination of plastic and metal 138 

components in bipolar electrodes necessitated specialized fabrication processes. 139 

Integrating multi-material 3D printing technology with an electroless plating process 140 

offered an effective approach for fabricating 3D electronic structures with spatial 141 

configuration and electrical signal carrying functions28–30 (Fig. 2B, Movie S1). Initially, 142 

multi-material DLP3D printing was employed to fabricate the precursor structure of the 143 

bipolar electrodes, integrating a normal resin with an active precursor. The active 144 

precursor contains a catalytic agent that facilitates selective metal deposition during 145 

electroless plating, allowing metallization on both sides of the structure. Fig. 2C 146 

presents the precursor and the final bipolar electrode with selectively deposited copper.  147 

To ensure effective implantation and electrical stimulation, the bipolar electrodes 148 

should possess high hardness and toughness. Therefore, ABS-like photosensitive 149 

resins31 was chosen as the material for electrode fabrication (in their normal resin form 150 

or as an active precursor). Finite element simulations (Fig. 2D, i - iv) showcased bipolar 151 

electrodes exhibiting a uniform stress distribution and controlled deformation during 152 
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implantation, without experiencing damage or yielding. Additionally, the designed 153 

bipolar electrodes were securely implanted by monitoring the microtip’s stabbing stress 154 

at the membrane (Fig. 2D, v).  155 

To address the delamination or separation of metal plating during implantation, we 156 

calibrated the plating adhesion by the ASTM D3359-09 standard. We incorporated 157 

chemical etching into the selective electroless plating to enhance the adhesion and 158 

achieve a high 4B grade (Fig. 2E). Additionally, the implanted part comprising 159 

cockroach’s soft tissue (intersegmental membrane) and electrolyte solution, exerted 160 

minimal cutting force on the electrode, reducing impact (Fig. 2A). The impedance 161 

profile (Fig. 2F)  of a plated layer on the bipolar electrode reveals that the impedance 162 

remained consistently below 70 Ω, considerably lower than the impedance of 163 

comparative non-invasive electrodes (exceeding 1000 Ω7). This reduced impedance 164 

facilitated stronger stimulation and a more pronounced insect reaction. 165 

The electrical conductivity and the thickness of the plating were 3.12 × 10⁷ S/m and 166 

2.5 µm, respectively. The copper-replacing-nickel plating method caused the electrodes 167 

to achieve selective copper metallization. After 5 min of immersion in the plating 168 

solution, a substantial increase in plating thickness was observed (Fig. 2G). A thicker 169 

plating layer enhanced conductivity, reduced impedance, and improved corrosion 170 

resistance; however, it increased parasitic capacitance. This study selected a plating 171 

time of 16 min for plating thickness and conductivity optimization. By controlling the 172 

electroless plating’s duration, the plated layer’s thickness on the bipolar electrodes was 173 

precisely modulated, enabling the fine-tuning of conductivity and other electrochemical 174 

properties. 175 
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2.2 Stimulation Protocol on Insect’s Pronotum  176 

The width of the intersegmental membrane between pronotum and mesothorax was 177 

measured (1.4 ± 0.2 cm) across cockroaches with different sizes. To ensure that the 178 

bipolar electrodes implanted into the membrane, the distance between the two bipolar 179 

electrodes was set as 1.0 cm to satisfy minimum width of the membrane, i.e., 1.2 cm. 180 

To optimize stimulation voltage, neural activities in the insects’ neck region were 181 

recorded and analyzed (Fig. 3A). A progressive increase in the number of detected 182 

neural spikes was observed as the voltage increased from 0.5 V to 3.0 V, exhibiting 183 

heightened sensitivity to stronger electrical stimulation. A plateau at 3.0 - 3.5 V 184 

indicated that electrical stimulation above 3.0 V did not produce a strong neural 185 

response from the insects. However, increasing the stimulation voltage to 4.0 V yielded 186 

a 23.5% decline in the average number of spikes, denoting reduced neural activity due 187 

to potential damage to the insects' neural system32–34. To prevent unnecessary damage 188 

and maintain effective stimulation, a 3.0 V voltage was considered optimal for the 189 

subsequent discussions. 190 

Since the pronotum of the insect is connected to its forelegs (Fig. 3B) which guides 191 

its locomotion35, examining the forelegs’ status during stimulation is crucial. When one 192 

side of the pronotum was stimulated, the foreleg on that side contracted until the 193 

electrical stimulation was discontinued (Fig. 3B, Movie S2), confirming that the 194 

stimulation directly influenced forelegs. Given that the forelegs guide the insects during 195 

walking35, this observation suggests their usage in controlling the insect’s orientation. 196 

Consequently, this study explored locomotion in detail. 197 

To simplify future automatic assembly processes, the stimulation bipolar electrodes, 198 

microcontroller, and mounting parts were integrated into a backpack. These backpacks 199 
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were manually and then automatically affixed to insects to compare locomotion control. 200 

The manually assembled hybrid robots were tested for their locomotion control (N = 5 201 

insects). The insects’ responses to the electrical stimulation applied to both sides of 202 

pronotum (Fig. 3C) confirmed that the implanted stimulation electrodes, positioned 203 

within the intersegmental membrane between pronotum and mesothorax, induced 204 

directional movement in the insects. Electrical stimulation turn the insects to the left 205 

and right with average angles of 68.0 ° and 82.6 °, and maximum angular speeds of 206 

275.8 °/s and 298.2 °/s, respectively. Additionally, the simultaneous contraction of the 207 

forelegs during stimulation (Fig. 3B) suggests that the implantation of the insect’s 208 

intersegmental membrane between the pronotum and mesothorax successfully 209 

stimulated the forelegs, with the insect steered with unilateral stimulation of a foreleg.  210 

Our stimulation protocol outperforms previous non-invasive electrode-based 211 

methods7. It enhances the maximum steering speed by over five times and increases the 212 

turning angle by over 76.6%. Additionally, this protocol requires only 40% of the 213 

stimulation time and 75% of the stimulation voltage. These enhancements indicate that 214 

our protocol triggered more intense turning responses with reduced time and energy 215 

consumption, signifying a more resource-efficient approach, improving the hybrid 216 

robot’s overall performance, operational efficiency, and cost-effectiveness. Our 217 

approach optimizes locomotion control for insect-computer hybrid robots, making it 218 

valuable for practical applications that demand quick and energy-efficient 219 

manoeuvrability. 220 

Furthermore, the cockroach decelerated when the electrical stimulation was 221 

outputted from the outer electrodes of the bipolar electrode pair (Fig. 2A), making the 222 

first successful implementation of the deceleration control in insect-computer hybrid 223 

robots. For the control of the insect-computer hybrid robot, both direction control and 224 



10 
 

speed control are fundamental. Previously designed direction control, including left and 225 

right turning speed realized the full direction control of the insect-computer hybrid 226 

robot. However, for the speed control, only acceleration stimulation was realized. 227 

Hence, our discovery on the deceleration control could realize the speed control more 228 

fully.  229 

After 0.33 s of stimulation, the insects’ average walking speed declined from 6.2 230 

cm/s to a minimum of 1.5 cm/s (Fig. 3C, iii), translating their body length/s to reduce 231 

from 112.9% to 27.6% with an average body length of 5.5 cm. Consequently, the insects 232 

experienced an 85.3% deceleration relative to their body length. The standard deviation 233 

of the minimum speed normalized with the mean speed during stimulation was 0.83. 234 

This small normalized standard deviation in the minimum decelerated speed highlights 235 

the consistency of the deceleration stimulation. The simultaneous contraction of both 236 

forelegs during stimulation (Fig. 3B, iv) further highlights the direct correlation of the 237 

deceleration trend in cockroaches with the stimulation of their forelegs. 238 

Our findings prove that the proposed stimulation protocol on the pronotum realized 239 

steering and deceleration control of the insect-computer hybrid robot (Movie S3).  240 

2.3 Vision-based automatic assembly of insect-computer hybrid robots 241 

The automatic assembly of hybrid robots comprises the following steps: 1) The 242 

pronotum and mesothorax of an anesthetized insect are secured and the intersegmental 243 

membrane is exposed. 2) A reference point is identified for electrode implantation. 3) 244 

The backpack is grasped using a robotic arm’s gripper. 4) The bipolar electrodes are 245 

implanted into the exposed membrane utilizing the robotic arm. 5) Force is applied to 246 

the backpack until its mounting branches latch onto the insect’s metathorax. 6) The 247 
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backpack is disengaged from the gripper. 7) The robotic structure is retracted to release 248 

the insect (Fig. 4A). 249 

Key considerations that must be addressed for successful assembly are as follows. 250 

First, the insect’s pronotum and mesothorax must be fixed to reveal their intersegmental 251 

membrane (Fig. 4A, ii). Second, the reference point on the pronotum must be identified 252 

for accurately implanting the bipolar electrodes by the robotic arm. Finally, the robotic 253 

arm must be maneuvered to assemble the backpack onto the insect at an optimal angle 254 

for secure assembly. 255 

2.3.1 Exposure of intersegmental membrane between pronotum and mesothorax  256 

The intersegmental membrane between the pronotum and mesothorax is concealed 257 

beneath the hard cuticle of the connected pronotum (Fig. 4B, ii). The posterior 258 

pronotum is elevated from the mesothorax to implant bipolar electrodes within this 259 

membrane (Fig. 4B, ii) using the developed Rod A and Rod B (Fig. 4B, iii). Rods A 260 

and B exerted pressure to the anterior pronotum and the mesothorax, respectively, 261 

exposing the membrane to enable electrodes implantation (Fig. 4B, iii). 262 

Initially, Rod A was positioned 4.0 mm above the platform, corresponding to a 263 

lowered distance, d, of 0 mm. The relationship between the lowered distance, d, and 264 

the lifting height, h, of the pronotum (Fig. 4B, iii) highlights the progressive exposure 265 

of the intersegmental membrane as the structure is lowered. The bipolar electrode’s 266 

thickness of 0.6 mm, required the lifting height, h, to consistently exceed this threshold 267 

to ensure sufficient space for implantation. On average, when d ≥ 1.5 mm, the height, 268 

h, reaches 1.9 mm which provides adequate exposure for successful implantation. 269 

For d ≥ 3.5 mm, h stabilizes around 1.9 mm, suggesting that further lowering the 270 

structure does not significantly increase membrane exposure (Student’s t-test for d = 271 
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1.5 and 2.0 mm, and P = 0.31). As the lifting heights for both d = 1.5 mm and d = 2.0 272 

mm surpass twice the thickness of the bipolar electrodes, d = 1.5 mm was chosen to 273 

prevent excessive pressure on the insect’s body while ensuring adequate membrane 274 

exposure for bipolar electrode insertion. This approach minimizes the potential injury 275 

to the insect, ensuring its physical integrity throughout implantation. 276 

2.3.2 Detection of pronotum using deep learning 277 

To implant bipolar electrodes into the exposed intersegmental membrane (Section 278 

2.3.1), a computer vision system was employed to determine the membrane’s location. 279 

Since bipolar electrodes on both sides of the backpack needed simultaneous 280 

implantation symmetric to the insect's intersegmental membrane, a reference point pR 281 

was established at the middle point of the posterior pronotum edge. However, the 282 

pronotum varied in size and shape across each insect (Fig. S5). Although the structure 283 

restrained the fixing of the insects’ pronotum and mesothorax, the pronotum’s position 284 

may still vary along the x- and y- axes (Fig. 4B, iii, Fig. S5). Therefore, implementing 285 

a deep learning-based computer vision model is crucial for accurately identifying the 286 

pronotum and determining the location of the reference point, pR.  287 

An evaluation was conducted on several widely used segmentation models, 288 

including UNet36, Deeplabv337, TransUNet38, as well as recently developed 289 

segmentation models, such as Segment Anything39, Segment Anything240, LM-Net41, 290 

InceptionNeXt42, EMCAD43 and SHViT44, for their accuracy in pronotum segmentation. 291 

The models’ performance was measured by the mean intersection over union (mIoU) 292 

score, mean Dice similarity coefficient (mDSC), and mean squared error (MSE) of pR 293 

prediction (Table 1). 294 



13 
 

The TransUNet model surpassed other models based on mIoU, mDSC and MSE 295 

metrics due to its hybrid encoder, which leverages the strengths of the Transformer 296 

architecture and preserves locality through its convolutional neural network (CNN). 297 

The other hybrid models, LM-Net, SHViT and EMCAD were designed to be 298 

lightweight models geared towards faster inference times, causing poor performance, 299 

apart from LM-Net, which had achieved comparable scores with the other models 300 

despite having significantly less parameters. The CNN-based models UNet, Deeplabv3 301 

and InceptionNeXt managed to achieve better segmentation accuracies compared to the 302 

foundational ViT-based models SAM and SAM2, with Deeplabv3 even having similar 303 

performance to TransUNet in all three metrics as it was generally able to segment out 304 

most of the pronotum but did not precisely identify the lower border of the pronotum, 305 

causing slightly poorer scores on the three metrics. Subsequently, DSC loss and 306 

Boundary Difference Over Union (bDoU) loss45 were compared with BCE loss to 307 

achieve improved boundary results. The results of the loss function evaluation were 308 

shown in Table 2 in terms of mIoU score, mDSC score, and MSE of pR prediction. The 309 

DSC and BCE loss functions generally outperformed the bDoU loss function on the 310 

mIoU and mDSC metrics, as they evaluated the prediction the full pronotum while the 311 

bDoU loss focused primarily on the boundaries of the segmented objects. However, the 312 

bDoU loss function achieved the best MSE score among the three, highlighting its 313 

effectiveness in training the model to learn object boundaries. Ultimately, the chosen 314 

deep learning solution was the TransUNet model trained with the BCE loss function 315 

(Fig. 4C), as it had the best mIoU and mDSC scores and only slightly underperformed 316 

on the MSE metric compared to the model trained with bDoU loss.  317 

Data ablation study was also conducted to evaluate how the effect of different data 318 

augmentation methods on the training images impacts the segmentation performance. 319 



14 
 

Performance based on mIoU, mDSC and MSE of pR prediction, is shown in Table 3. 320 

The TransUNet model had achieved significantly better scores across all three metrics 321 

when trained with augmented data, compared to when trained with only original data. 322 

The model trained on the asymmetrically scaled augmented data had shown to have 323 

slightly better performance in segmenting the boundaries compared to the model trained 324 

on the rotated augmented data, attributed to the robustness to variations in the shapes 325 

of pronotums. However, the latter had a better segmentation accuracy, as indicated by 326 

the larger mIoU and mDSC scores. 327 

2.3.3 Manipulation of Robotic Arm 328 

To assemble the backpack onto the insect, the robotic arm scanned the insect with 329 

the camera and identified the reference point for bipolar electrode implantation (Section 330 

2.3.2). The Robotiq Hand-e gripper secured the grasp on the backpack and allowed 331 

stable electrode implantation with a gripping force of up to 185 N. Based on the 332 

combined weight of the Robotiq Hand-e (1.0 kg), RealSense D435 camera (75.0 g), and 333 

the backpack (2.3 g), the Universal Robots UR3e was selected as the robotic arm due 334 

to its 3.0 kg payload capacity and a pose repeatability of 0.03 mm at full payload46. 335 

Additionally, the UR3e’s 500 mm reach supports the RealSense D435’s minimum 336 

depth sensing distance of ~280.0 mm when operating at maximum resolution. 337 

To accurately identify the reference point for bipolar electrode implantation, the 338 

robotic arm was vertically oriented, with its gripper and camera positioned directly 339 

downward. Once the camera verified the reference point’s position, the robotic arm 340 

descended to the backpack’s position. The backpack was placed within the backpack 341 

holder (Fig. 1A)., yielding consistent waypoints for the robotic arm to grasp the 342 

backpack. Upon grasping the backpack, the robotic arm transported it to the same pre-343 

implant waypoint. Next, the robotic arm conducted bipolar electrodes implantation into 344 
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the exposed intersegmental membrane.  Due to the constrained manipulation space 345 

available for the robotic arm (6.5 × 3.5 × 2.5 cm3, between the insect and the structure), 346 

it was essential to determine an optimal implantation angle for the bipolar electrodes to 347 

avoid any potential collision. Given the symmetry of the insect’s pronotum and its 348 

alignment with the reference point (Fig. 4B, iii), only the pitch angle (α, rotation around 349 

y-axis) required adjustment while disregarding the roll and yaw angles.  350 

During the implantation, potential collisions can occur between the backpack and 351 

the 3D-designed structure, or between the backpack branches and the insect’s dorsal 352 

cuticles. Consequently, we identified pitch angles at which the backpack contacted the 353 

3D structure (αL) and the insect’s dorsal cuticles (αU), utilizing five insects. Our 354 

measurements (Fig. 4D, ii) indicated αL to be 157.8 ° ± 1.5 ° and αU to be 167.5 ° ± 2.2 ° 355 

(mean ± standard deviation). To minimize the risk of contact with either the insect or 356 

the fixation structure during implantation, an optimal mid-point angle of 162.7 ° was 357 

selected for the accuracy and safety of the procedure (Movie S4). 358 

After bipolar electrode implantation, the robotic arm applied downward force to the 359 

backpack to hook the metathorax cuticle with the backpack’s four branches, completing 360 

the assembly of the hybrid robot. Subsequently, the robotic arm disengaged from the 361 

backpack and returned to its initial position to capture an image of the next fixed insect. 362 

Finally, the structure used to secure the insect was retracted, enabling the next insect to 363 

be positioned and fixed onto the platform. The entire automatic assembly, from initially 364 

fixing insect to finally releasing insect, spanned 68 s, demonstrating the effectiveness 365 

of the proposed automated assembly approach for large-scale production (Movie S4). 366 
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2.3.4 Success rate for automatic assembly 367 

To assess the performance of the automatic assembly system, insects were 368 

categorized based on their body length into four groups: 5.0 – 5.5 cm, 5.5 – 6.0 cm, 6.0 369 

– 6.5 cm, and 6.5 – 7.0 cm. The success rate of assembly was then measured for each 370 

group (Table 4). The results demonstrated a notable variation in assembly success rates 371 

based on insect size. The highest success rate (86.7%) was observed in the 5.5 – 6.0 cm 372 

group, followed by the 5.0 – 5.5 cm group (80.0%). In contrast, the success rates 373 

declined markedly for larger insects, with the 6.0 – 6.5 cm and 6.5 – 7.0 cm groups 374 

achieving only 46.7% and 13.0%, respectively. 375 

The observed variation in assembly success rates across insect size groups suggests 376 

that body dimensions significantly impact on the automatic assembly process. Instances 377 

of failure were categorized into three modes: attachment loosening, hook failure, and 378 

misalignment (Table 4, Fig. S9). Attachment loosening occurs when the backpack 379 

mounting branches do not properly secure onto the insect’s metathorax, despite partial 380 

contact (Fig. S9A). The issue was observed only in the 5.0 – 5.5 cm group, accounting 381 

for 11.5% of all failures. Hook failure arises when no backpack mounting branches 382 

engage with the insect’s metathorax (Fig. S9B). For the 6.0 – 7.0 cm group, the success 383 

rate declined significantly due to hooking failure. Compared to the 5.5 – 6.0 cm group, 384 

the metathorax widths increased by 12.7% and 20.6% in the 6.0 – 6.5 cm and 6.5 – 7.0 385 

cm groups, respectively. This increase in width hindered the secure attachment of the 386 

mounting branches onto the cuticle. Hence, hook failure was the main reason for the 387 

failed assembly trials (85.7% of the total assembly failures for 6.0 -7.0 cm groups, Table 388 

4). Misalignment occurs when the mounting device misaligns with the insect, causing 389 

only one side of the hooks to be attached to it (Fig. S9C). Such failure mode observed 390 
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in all groups except the smallest one, was mitigated in smaller insects because the 391 

system could tolerate slight positional deviations. 392 

The high success rates of the 5.0 – 6.0 cm group highlight the system’s precision 393 

and reliability in overcoming the challenges posed by small body dimensions and 394 

fragile insect anatomy. Combining vision-guided reference point detection for 395 

implantation, precise robotic arm manipulation, and a robust fixation structure ensured 396 

consistent bipolar electrode implantation and secure backpack attachment. These 397 

findings represent a significant advantage of automated assembly over manual 398 

assembly, eliminating the need for extensive operator skills and time when working 399 

with smaller insects18. 400 

The automatic assembly system surpasses manual assembly approaches. While the 401 

latter needed 15 min to assemble a single insect-computer hybrid robot18, the former 402 

needed 68 s per insect, yielding a productivity increase of more than eleven times. The 403 

automated system achieved a success rate of 80.0%–86.7% for the 5.0 – 6.0 cm groups. 404 

Such high success rate in these groups is because the prototype of the backpack 405 

mounting structure is based on the insects from these groups, which are majorly used 406 

for the previous studies. The implementation of an enlarged mounting structure (with a 407 

1 mm expansion per hook branch) significantly improved the assembly success rate to 408 

80.0% for 6.0 - 7.0 cm cohort (Fig. S10), effectively mitigating the hook failure issues 409 

previously observed in larger-size groups. These results underscore the practical 410 

efficiency, reliability, and scalability of the automatic assembly system, highlighting its 411 

efficacy in the high-throughput production of insect-computer hybrid robots. 412 
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2.4 Locomotion control and dispersion of automatically assembled insect-413 

computer hybrid robots 414 

To verify the controllability of the automatically assembled hybrid robots, we tested 415 

the previously established steering and stopping protocols on five such robots. The 416 

results indicated a close alignment of the performance of these automatically assembled 417 

systems with their manually assembled counterparts. The maximum steering speeds of 418 

the former were 240.0 °/s and 273.5 °/s for left and right turns, respectively, exhibiting 419 

a deviation of < 13% compared to the latter (Fig. 5A, i). The average turning angles 420 

(Fig. 5A, ii) were 70.9 ° for left and 79.5 ° for right turns, with no significant differences 421 

detected (Student’s t-test, P = 0.62 for left turns, P = 0.50 for right turns). The automatic 422 

assembly demonstrated consistent steering control. The difference in average turning 423 

angles between left and right was 10.8%, 50.2% lower than the manually assembled 424 

systems (21.7%). Consequently, the automatic assembly may contribute to more 425 

balanced directional control due to the prevention of manual errors caused by the 426 

assembly operator. 427 

The deceleration decreased the average walking speed from 6.3 cm/s to 2.0 cm/s, 428 

aligning with the results observed in manually assembled systems (Student’s t-test 429 

between automatically and manually assembled hybrid robots: P = 0.21). The similar 430 

deceleration performance highlights that the automatic process does not reduce control 431 

quality (Fig. 3C, iii, Fig. 5A, iii). Furthermore, the automatically assembled insect-432 

computer hybrid robots exhibit comparable locomotion control to the manually 433 

assembled robots, validating the effectiveness and precision of the proposed process. 434 

Besides, an insect-computer hybrid robot was demonstrated to follow an S-shape line 435 

via an operator’s command (Movie S5). The path that the insect travelled aligned with 436 

the set line, which showed that the stimulation protocol and assembly strategy were 437 
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successful and achieved the same level of locomotion control with the previously 438 

developed hybrid robots47. 439 

The automatic assembly of four insect-computer hybrid robots took 7 min and 48 s. 440 

This duration included not only the core assembly process but also additional tasks such 441 

as placing the insects on the assembly platform, removing them after assembly, placing 442 

the backpacks on the backpack holder, and initializing the robotic system operational 443 

program (Fig. S4). These preparatory and post-assembly steps were essential to ensure 444 

smooth operation and readiness of multiple insect-computer hybrid robots. The ability 445 

to rapidly and efficiently assemble hybrid robots enhances their applicability in time-446 

sensitive missions. To demonstrate the necessity and benefits of scalable production, 447 

this study explores terrain coverage in an unknown, obstructed outdoor environment as 448 

a fundamental task for multiple-agent systems8. 449 

Four automatically assembled hybrid robots were deployed onto an obstructed 450 

outdoor terrain measuring 2 × 2 m2, with randomly placed obstacles (Fig. 5B, i). The 451 

hybrid robots were tracked using a UWB system (Fig. 5B, ii), with each hybrid robot 452 

carrying a UWB label to facilitate individual localization. Before deployment, the 453 

robots were treated with methyl salicylate on their hindleg tarsi8 and subsequently 454 

electrically stimulated every 10 s. The trajectory of each hybrid robot was tracked (Fig. 455 

5B, iii). The combined coverage of all four insects increased progressively, reaching 456 

80.25% after 10 min and 31 s (Fig. 5B, iv). These findings highlight that multiple hybrid 457 

robots significantly increase the overall coverage (80.25%; an average rate of 50.9 458 

cm2/s) than any single insect (14.00% – 45.75%) (Figs. 5B, iv). Comparing the single 459 

insect’s coverage (14.00% - 45.75%), the whole team achieved higher coverage (Fig. 460 

5B, iv). This covering performance showed the efficiency of the simple coverage 461 

strategy using the multiple hybrid robots. While previous studies showed successful 462 
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demonstrations involving multiple agents8,13,48, our study is the first to use the insect–463 

computer hybrid robots on an outdoor, obstructed terrain. 464 

This study proposes an automatic assembly strategy for insect-computer hybrid 465 

robots, utilizing the discovered pronotum stimulation protocol. The effectiveness of 466 

implantation and stimulation processes was validated through locomotion studies and 467 

neural recordings from the hybrid robots. The proposed assembly method prepared 468 

hybrid robots in only 68 s, making mass production of hybrid robots a feasible endeavor. 469 

Four hybrid robots covered an outdoor terrain with a simple navigation algorithm. The 470 

result indicated the practical application of deploying multiple hybrid robots and the 471 

significance of their mass production. In the future, factories for producing insect-472 

computer hybrid robot could be built for rapid assembly and deployment of these hybrid 473 

robots. To enhance their functionality, lightweight miniaturized thermal and RGB 474 

cameras, microphones, and IMUs can be integrated for human detection and 475 

localization, though gas sensor integration remains technically challenging due to size, 476 

power, and environmental constraints. Altogether, this work establishes a foundational 477 

platform for scalable manufacturing and real-world deployment of cyborg insects in 478 

complex, unstructured environments. 479 

 480 

3. METHODS 481 

3.1 Insect platform 482 

This study compared the performance of adult male Madagascar hissing cockroaches 483 

(Gromphadorhina portentosa, 5 – 7 cm, 6 – 8g) with our protocol with hybrid robots7,15 484 

with a well-established stimulation protocol. Cockroaches were weekly provided with 485 

carrots and water inside NexGen Mouse 500 from Allen Town (25 ℃, 60% relative 486 

humidity). Cockroach research was conducted with approval from the National 487 
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Environmental Agency (Permit number NEA/PH/CLB/19-00012). Prior to their use in 488 

hybrid robot assembly, the cockroaches were anesthetized for 10 min under CO2, and 489 

their backpacks were removed after the completion of the experiment. 490 

3.2 Backpack 491 

The backpack included bipolar electrodes, a mounting structure, and a 492 

microcontroller. Below are the details for these three components. The total weight of 493 

the designed backpack is 2.3 g. As the payload for the cockroach is 15 g49, the designed 494 

cyborg insect has another load capacity of around 12.7 g. Such remaining load capacity 495 

could accommodate more power sources or other sensing systems if needed. 496 

3.2.1 Bipolar Electrodes Preparation  497 

3D printing offers high customization, precision, and the ability to create complex 498 

electrode structures that are difficult to achieve with mechanical machining. It also 499 

improves material efficiency and enables rapid prototyping, reducing waste and 500 

production costs50. Given these advantages, 3D printing was selected to optimize 501 

electrode performance and ensure experimental reproducibility. Mechanical machining 502 

should be considered for the future mass production. 503 

a. Preparation of 3D printing ink 504 

ABS-like photosensitive polymer raw material (SeedTech Electronics Co., Ltd.) was 505 

used in this study as an acrylonitrile butadiene styrene (ABS)–like polymer. It 506 

incorporates a light-sensitive initiator that responds to ultraviolet light (405 nm 507 

wavelength). Upon curing, cross-linking, and molding, the polymer exhibits strong 508 

mechanical properties (Table S1).  509 

First, 15.4 g NH4Cl was dissolved in 50 mL of deionized water. Then, 270 mg of 510 

PdCl2 was added and stirred until fully dissolved to obtain 50 mL saturated activation 511 
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solution with a Pd2+ of 0.2 wt%. The solution stood for 30 min, and then 12 mL of the 512 

upper clear part was added dropwise to 38 mL of ABS-like photosensitive resin while 513 

stirring with a 1000-RPM magnetic stirrer. Finally, the ink was stirred at 1200 RPM for 514 

30 min to yield 50 mL of active precursor, with a Pd2+ concentration of about 0.058 515 

wt%. 516 

b. Bipolar electrodes’ fabrication with multi-material 3D printing and electroless plating 517 

Bipolar electrodes were fabricated using multi-material DLP 3D printing combined 518 

with selective electroless plating techniques28–30. The multi-material DLP 3D printing 519 

platform used a 6.1-inch 405 nm-90 W ultraviolet parallel light source of 89 MW/cm2 520 

intensity and 99% uniformity. During printing, distinct slice thicknesses and single-521 

layer exposure times were set, including the normal resin and active precursor (Table 522 

S2). 523 

A composite structure of normal resin and active precursor was fabricated using a 524 

multi-material DLP 3D printing process. The active precursor’s topology was 525 

selectively deposited with copper metal (Cu) during the electroless plating with nickel 526 

(Ni) substitution. The nickel-plating bath (pH = 9, 70 °C) used in this process consisted 527 

of NiSO4⸱6H2O and NaH2PO2⸱H2O. For each printed multi-material printed part, the 528 

active precursor was distributed across the resin substrate using the designed 3D 529 

topology throughout the bipolar electrode. After the printed part was immersed in the 530 

bath, the reducing agent (sodium hypophosphite monohydrate) initially reduced 531 

surface-exposed palladium (Pd2+) ions to Pd monomers. These Pd monomers acted as 532 

catalytically active metal cores, initiating the ELP reaction in specific microscopic 533 

regions, and facilitating the targeted Ni metal deposition. Finally, for the copper plating 534 

(Ni substitution), a plating bath (pH = 12.2, 70 °C) consisting of CuSO4∙5H2O and 535 
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HCHO was used. The active Pd monomers were effective in initiating the electroless 536 

copper plating process.  537 

After the electroless plating, impedance of bipolar electrodes was tested using Auto-538 

Balancing Bridge Method and shown in the Fig. 2F. The instrument to conduct this 539 

experiment was Hioki Im3570 Impedance Analyzer.  540 

c. Finite element analysis of 3D electrodes 541 

Finite element computations were performed using Ansys 19.0, where a 3D bipolar 542 

electrode model was developed, material properties were defined, the mesh was 543 

generated, and the boundary conditions were set. Finite element analysis obtained the 544 

relationship between electrode implantation stress and implantation force and evaluated 545 

potential electrode damage during the process.  546 

The finite element analysis for membrane damage simulation was conducted using 547 

the Lsdyna module in Ansys 19.0 with element type of PLANE182. A 2-mm mesh size 548 

was applied to the membrane part (Fig. 2A) to optimize the computation time while a 549 

finer 1-mm mesh was utilized for the microneedle structure of the bipolar electrodes 550 

(Fig. 2A) to improve the simulation’s accuracy. The boundary conditions included a 551 

membrane (implanted structure) as fixed reference and displacement of 50 mm in the 552 

z-direction to the microneedle structure to simulate implantation. Subsequently, the 553 

simulation results were determined. The policy parameters are listed in Table 5. 554 

3.2.2 Mounting structure 555 

The mounting structure was securely attached to the microcontroller and bipolar 556 

electrodes. An inclined plane facilitated robotic arm’s grasp, while an alignment hole 557 

ensured the consistent position of the backpack holder (Fig. 1A). Additionally, four 558 
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mounting branches secured the cockroach’s metathorax, with two branches on each side 559 

of the metathorax (Fig. 1C).  560 

3.2.3 Microcontroller 561 

The microcontroller controlling the cockroach’s locomotion communicated with a 562 

workstation through Sub-1 GHz frequency. Upon receiving stimulation commands 563 

from the workstation, the microcontroller outputted the electrical signals from its four 564 

stimulation channels via silver wires to the insect’s target sites (Fig. 1D). Before the 565 

hybrid robot assembly, the microcontroller was stuck to the mounting structure using 566 

double-sided tapes. To avoid the silver wires being destroyed by outside obstacles and 567 

to make the backpack more compact, the stimulation channels of the microcontroller 568 

should be placed closely to the mounting structure without any silver wire drifting in 569 

the air. Hence, the microcontroller was vertically attached to the mounting structure 570 

with double-sided tapes (Steve & Leif Super Sticky). A lithium battery (3.7 V, 50 mAh) 571 

powered the microcontroller after the assembly until the commencement of the 572 

locomotion control experiment. 573 

3.3 Automatic assembly of insect-computer hybrid robots 574 

3.3.1 Structure to fix insect and to expose intersegmental membrane 575 

To reveal the intersegmental membrane between the cockroach’s pronotum and 576 

mesothorax, the pronotum was lifted from the mesothorax. Therefore, a structure was 577 

developed with Rods A and B (Fig. 4B, iii) exerting force on the cockroach’s pronotum 578 

(anterior part) and mesothorax, respectively, leveraging its posterior part. To determine 579 

the optimal lifting height h, of the pronotum (Figs. 4B, iv), tests were conducted on ten 580 

cockroaches, with varying fixation distances. 581 
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The middle part of the designed 3D structure was skeletonized to enable the camera 582 

to effectively capture images of insects’ pronotum and detect the electrode implantation 583 

poin (Fig. 4A, iii). This skeletonized part formed a rectangle measuring 66 × 34 mm2 584 

(Fig. 4B, i).  585 

An anesthetized insect was positioned on the platform with its pronotum aligned 586 

with a marked spot (Fig. 4B, iii). This marked spot was placed 2 mm ahead of Rod A 587 

(Fig. 4B, iii) to ensure a secure fixation of the cockroach’s protruding cuticle on the 588 

anterior pronotum. Subsequently, a slider motor drove the structure downward to 589 

execute fixation. The intersegmental membrane, located between the pronotum and 590 

mesothorax, was fully exposed, enabling the robotic arm to implant bipolar electrodes. 591 

Once successful assembly of the anesthetized insect and the attached backpack, the 592 

fixation structure was retracted (Fig. 4A, viii). 593 

3.3.2 Identification of implantation reference point based on deep learning 594 

Vision Transformers (ViTs) are deep learning models that have recently 595 

outperformed their CNN-based counterparts in several vision applications, including 596 

object classification and detection51. However, ViTs necessitate substantial datasets for 597 

effective training, such as the “Segment Anything” segmentation model, which was 598 

trained on the SA-1B dataset comprising over one billion masks and 11 million 599 

images39. ViTs lack locality inductive biases (correlation of image pixels and their 600 

positions); hence, their self-attention layers employ global context. In contrast, CNNs 601 

retain locality information by employing convolution layers that process images using 602 

sliding windows52,53. Hence, a mixture of CNN-based, ViT-based and CNN-603 

Transformer hybrid models were surveyed for our application, to evaluate the 604 

performance of different variations of vision model architectures. The following 605 

models were trained and evaluated on our dataset of cockroaches: UNet36, TransUNet38, 606 
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Deeplabv337 and Segment Anything39, Segment Anything240, LM-Net41, 607 

InceptionNeXt42, EMCAD43 and SHViT44. 608 

The UNet, Deeplabv3 and InceptionNeXt models are CNN-based models, with the 609 

Deeplabv3 model using the ResNet-10154 and the InceptionNeXt model using ResNet-610 

5054, which were both pretrained on ImageNet55, as their backbone. The TransUNet 611 

LM-Net, EMCAD and SHViT models were hybrid models, having a CNN-Transformer 612 

hybrid encoder, to combine the strengths of CNNs in locality and ViTs in the global 613 

context. The encoder for the TransUNet model combines ResNet-5054 and ViT-B52, 614 

which was pretrained on ImageNet55. The EMCAD model uses the Pyramid ViT v2 615 

(PVTv2)56 as its encoder, which was pretrained on ImageNet55. Segment Anything and 616 

Segment Anything2 were promptable foundational models, with the former using a 617 

ViT-H52 model and the latter using a Hiera-L57  model, and box prompts were used to 618 

specify the pronotum as the segmentation target. Apart from Segment Anything and 619 

Segment Anything2, the other models were trained on the cockroach dataset, with a 620 

batch size of 32, a two-phase learning rate scheduler, linearly raising the learning rate 621 

from 0.0001 to 0.001 during the 10 epoch warmup phase and subsequently cosine 622 

annealing was used to decay the learning after the warmup phase, Adaptive Moment 623 

Estimation as the optimizer and Binary Cross Entropy (BCE) as the loss function for 624 

300 epochs with no early stopping condition. 625 

Overall, 29 unique cockroaches were fixed with the custom-designed 3D structure. 626 

The robotic arm was placed in a fixed position to capture images with the Intel 627 

RealSense D435 camera. We used 256 × 256-pixel crop from the original image, 628 

centered around the pronotum as the input for training the models. This approach 629 

shortened the training and inference times. Of the collected images, 20 were used as 630 

test cases for model evaluation, while the remaining were used for training. Training 631 
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data were augmented to enhance model robustness against variances in pronotum 632 

rotation and shape. Asymmetrical scaling of the training samples in the x- and y- axes, 633 

using scaling values between 0.8 to 1.2, was applied to the training samples using 634 

bilinear interpolation to generate more unique pronotum shapes to simulate the varying 635 

pronotum sizes of cockroaches. Subsequently, rotations between – 6 ° and 6 ° were 636 

applied to accommodate inconsistencies in positions when cockroaches were mounted 637 

on the 3D structure. The final training dataset contained 6570 images after data 638 

augmentation, and furthermore an 80/20 train/validation split was used, leading to 5254 639 

images used for training and 1316 images used for validation. 640 

A data ablation study was conducted, where the performance of the models was 641 

compared when trained on four conditions: only original unaugmented images (9 642 

images), original images with augmentation using asymmetrical scaling in x-y axes 643 

(1316 images), original images with augmentation using rotation (90 images) and the 644 

full augmented training dataset (6570 images).  645 

3.3.3 Automatic manipulation of the robotic arm 646 

After the cockroach was fixed and its intersegmental membrane exposed, the Intel 647 

RealSense D435 camera, mounted on the Robotiq Hand e gripper captured images of 648 

the cockroach through the skeletonized 3D structure (Fig. 4A, iii, Fig. 4B, i). Using a 649 

pretrained model, a reference point was identified on the middle posterior edge of the 650 

pronotum (green point in Fig. 4A, iii). Since the camera provided the depth information, 651 

the x, y, z positions of the reference point relative to the robotic arm’s base were 652 

identified following hand-eye calibration with the UR3e robotic arm. Subsequently, the 653 

robotic arm grasped the backpack, which was always placed on the backpack holder 654 

(Fig. 1A).  655 
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The backpack’s bipolar electrodes were precisely implanted within the exposed 656 

intersegmental membrane (Fig. 4A, v), by programming the robotic arm to prevent 657 

collisions with the cockroach or the fixation structure. Since the implantation reference 658 

position (pR) was predetermined, the implantation angle became a critical parameter. 659 

The cockroach’s alignment with the predetermined mark and its symmetrical pronotum 660 

simplified the implantation process, focusing only on the pitch angle. The robotic arm 661 

grasped the backpack and positioned the bipolar electrodes’ tips under the pronotum at 662 

varying pitch angles until the backpack touched the 3D structure (lower threshold, αL) 663 

or the cockroach (upper threshold, αU). Data for these thresholds were collected from 664 

N = 5 cockroaches. 665 

The bipolar electrodes were implanted into the insect’s intersegmental membrane 666 

using the implantation reference point and pitch angle. Next, the backpack was pressed 667 

down until its mounting branches hooked the cockroach’s metathorax (Fig. 4A, vi). 668 

Finally, the gripper released the backpack (Fig. 4A, vii) and the robotic arm returned to 669 

its initial state, enabling the camera to capture an image of the next cockroach.  670 

3.3.4 Success rate for automatic assembly 671 

Twenty cockroaches were divided into four groups based on their body sizes. Each 672 

cockroach was automatically assembled thrice to ensure system robustness and 673 

consistency. An attempt was considered successful if the bipolar electrodes were 674 

implanted into the intersegmental membrane and the backpack was securely fixed to 675 

the metathorax, with no detachment after completion. The success rate for each body 676 

size group was computed by dividing the number of successful assembly attempts by 677 

the total number of attempts (3 × 5 = 15). All experiments had identical robotic arm 678 

settings, camera calibration, and fixation configuration, to secure comparability of the 679 

results. 680 
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3.4 Neural recording during the stimulation 681 

We recorded and assessed insects’ neural responses to the electrical stimulation to 682 

determine the optimal stimulation strength. Three cockroaches were anesthetized with 683 

CO2 for 10 min, after which their ventral nerve cords were exposed through neck 684 

dissection. The bipolar electrode was implanted in the intersegmental membrane 685 

between the pronotum and mesothorax to transmit electrical stimulation generated by 686 

the backpack’s microcontroller (a single bipolar square-wave pulse of 1 Hz and 0.5 – 687 

4.0 V amplitude for 1.0 s). Each stimulation was repeated thrice. The nerve cords were 688 

rinsed with cockroach saline for visibility under a microscope. Two probes were fixed 689 

to the nerve cord to record the transmitted signals and a ground pin was implanted into 690 

the cockroach’s abdomen.  691 

Neural responses recorded during the electrical stimulation included some influence 692 

of electrical signals. Therefore, neural signals, starting at 0, 0.5, and 1.0 s (the pulse 693 

edges), were set to zero for the first 50 ms. Subsequently, the neural signals were filtered 694 

using a second-order Butterworth filter (300–5000 Hz), and neural spikes were detected 695 

with a threshold T.  696 

T = 5 × median (|x|/0.6745) 697 

where x signifies the filtered signals. The detected neural spikes are indicated by 698 

blue circles (Fig. 3A, ii), which were quantified at varying stimulation voltages (Fig. 699 

3A, iii). 700 

3.5 Locomotion control of insect-computer hybrid robots 701 

Five insect-computer hybrid robots, both manually and automatically assembled, 702 

were tested for locomotion control. Electrical stimulation using a bipolar pulse wave 703 

(0.4 s, 3.0 V, 42 Hz) was applied to stimulate the insects. Each stimulation type 704 
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(right/left turn and deceleration) was repeated five times. Insects’ locomotion responses 705 

were recorded using a motion tracking system (VICON). 706 

3.6 Dispersion of multiple insect-computer hybrid robots 707 

Four insect-computer hybrid robots were rested for four hours after the assembly. 708 

They were then deployed for the coverage task on obstructed terrain (2.0 × 2.0 m2, Fig. 709 

5B, i). Four UWB anchors were positioned at the corners of a 3.6 × 3.6 m2 area (Fig. 710 

5B, ii) to track the hybrid robots equipped with UWB labels. Hybrid robots were 711 

released from the designated area’s corner. Before their release, a chemical booster, 712 

methyl salicylate (Sigma-Aldrich)8 was applied to the hindleg tarsi of the insects. Such 713 

chemical was proven effective to improve insects’ motion activeness level for covering 714 

mission. Application of this chemical aimed to increase the movement activeness level 715 

of the hybrid robots, thereby facilitating better terrain coverage. After release, the robots 716 

were stimulated randomly (steered or decelerated) to explore the terrain. Random 717 

electrical stimulation type was chosen to simulate a decentralized, autonomous 718 

exploration strategy, which reflects real-world scenarios where multiple agents operate 719 

without a pre-defined navigation path. This approach allows for unbiased coverage 720 

distribution and reduces dependency on precise localization or predefined control 721 

algorithms. The terrain was divided into 400 squares, each measuring 10 × 10 cm2 722 

(Ssquare) for easy coverage computation. Any hybrid robot passing through a particular 723 

square deemed that region covered. The number of covered squares is noted as 𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑. 724 

The covered area (S) and coverage rate (C) were calculated as below,  725 

S = ncovered × Ssquare     (1) 726 

C = ΔS/Δt      (2) 727 
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where ncovered is the number of covered squares, ΔS is the change of the covered area, 728 

and Δt is the change of time (Fig. S11). The trajectory sampling rate is 20 Hz.  729 

 730 

Supplementary Materials 731 
 732 

Figures S1 to S12 733 

Movies S1 to S5 734 

Tables S1 to S6 735 

 736 

Reference: 737 
1. Chen, Y. et al. A biologically inspired, flapping-wing, hybrid aerial-aquatic microrobot. Sci. 738 

Robot. 2, eaao5619 (2017). 739 

2. Nguyen, H. D., Tan, P. Z., Sato, H. & Vo-Doan, T. T. Sideways Walking Control of a Cyborg 740 

Beetle. IEEE Trans. Med. Robot. Bionics 2, 331–337 (2020). 741 

3. Tran-Ngoc, P. T. et al. Intelligent Insect–Computer Hybrid Robot: Installing Innate Obstacle 742 

Negotiation and Onboard Human Detection onto Cyborg Insect. Adv. Intell. Syst. n/a, 743 

2200319 (2023). 744 

4. Liu, Z. et al. A wireless controlled robotic insect with ultrafast untethered running speeds. 745 

Nat. Commun. 15, 3815 (2024). 746 

5. Tang, L., Wang, C., Ma, S., Li, Y. & Li, B. Multidirectional Planar Motion Transmission on a 747 

Single-Motor Actuated Robot via Microscopic Galumphing. Adv. Sci. 11, 2307738 (2024). 748 

6. Kakei, Y. et al. Integration of body-mounted ultrasoft organic solar cell on cyborg insects 749 

with intact mobility. Npj Flex. Electron. 6, 1–9 (2022). 750 

7. Lin, Q. et al. Resilient conductive membrane synthesized by in-situ polymerisation for 751 

wearable non-invasive electronics on moving appendages of cyborg insect. Npj Flex. 752 

Electron. 7, 1–10 (2023). 753 



32 
 

8. Lin, Q., Kai, K., Nguyen, H. D. & Sato, H. A newly developed chemical locomotory booster 754 

for cyborg insect to sustain its activity and to enhance covering performance. Sens. 755 

Actuators B Chem. 399, 134774 (2024). 756 

9. Rasakatla, S., Suzuki, T., Tenma, W., Mizuuchi, I. & Indurkhya, B. CameraRoach: various 757 

electronic backs packs for Search and Rescue. in 2021 IEEE International Conference on 758 

Robotics and Biomimetics (ROBIO) 1300–1303 (2021). 759 

doi:10.1109/ROBIO54168.2021.9739264. 760 

10. Ma, S. et al. The long-acting walking control of a cockroach bio-bot for vision-aided 761 

pipeline navigation. in 2023 45th Annual International Conference of the IEEE Engineering 762 

in Medicine & Biology Society (EMBC) 1–4 (2023). 763 

doi:10.1109/EMBC40787.2023.10340200. 764 

11. Li, R., Lin, Q., Kai, K., Nguyen, H. D. & Sato, H. A Navigation Algorithm to Enable Sustainable 765 

Control of Insect-Computer Hybrid Robot with Stimulus Signal Regulator and Habituation-766 

Breaking Function. Soft Robot. (2023) doi:10.1089/soro.2023.0064. 767 

12. Ariyanto, M., Refat, C. M. M., Hirao, K. & Morishima, K. Movement Optimization for a 768 

Cyborg Cockroach in a Bounded Space Incorporating Machine Learning. Cyborg Bionic Syst. 769 

4, 0012 (2023). 770 

13. Bai, Y. et al. Natural-artificial hybrid swarm: Cyborg-insect group navigation in unknown 771 

obstructed soft terrain. Preprint at https://doi.org/10.48550/arXiv.2403.17392 (2024). 772 

14. Sato, H., Peeri, Y., Baghoomian, E., Berry, C. W. & Maharbiz, M. M. Radio-Controlled Cyborg 773 

Beetles: A Radio-Frequency System for Insect Neural Flight Control. in 2009 IEEE 22nd 774 

International Conference on Micro Electro Mechanical Systems 216–219 (2009). 775 

doi:10.1109/MEMSYS.2009.4805357. 776 

15. Erickson, J. C., Herrera, M., Bustamante, M., Shingiro, A. & Bowen, T. Effective Stimulus 777 

Parameters for Directed Locomotion in Madagascar Hissing Cockroach Biobot. PLOS ONE 778 

10, e0134348 (2015). 779 



33 
 

16. Li, Y., Wu, J. & Sato, H. Feedback Control-Based Navigation of a Flying Insect-Machine 780 

Hybrid Robot. Soft Robot. 5, 365–374 (2018). 781 

17. Ma, S., Liu, P., Liu, S., Li, Y. & Li, B. Launching of a Cyborg Locust via Co-Contraction Control 782 

of Hindleg Muscles. IEEE Trans. Robot. 1–12 (2022) doi:10.1109/TRO.2022.3152102. 783 

18. Li, R., Lin, Q., Tran-Ngoc, P. T., Le, D. L. & Sato, H. Smart insect-computer hybrid robots 784 

empowered with enhanced obstacle avoidance capabilities using onboard monocular 785 

camera. Npj Robot. 2, 1–10 (2024). 786 

19. McGuire, K. N., De Wagter, C., Tuyls, K., Kappen, H. J. & de Croon, G. C. H. E. Minimal 787 

navigation solution for a swarm of tiny flying robots to explore an unknown environment. 788 

Sci. Robot. 4, eaaw9710 (2019). 789 

20. Soria, E., Schiano, F. & Floreano, D. Predictive control of aerial swarms in cluttered 790 

environments. Nat. Mach. Intell. 3, 545–554 (2021). 791 

21. Ma, S. et al. The Autonomous Pipeline Navigation of a Cockroach Bio-Robot with 792 

Enhanced Walking Stimuli. Cyborg Bionic Syst. 4, 0067 (2023). 793 

22. Vuong, N. & Pham, Q.-C. Contact Reduction with Bounded Stiffness for Robust Sim-to-Real 794 

Transfer of Robot Assembly. in 2023 IEEE/RSJ International Conference on Intelligent 795 

Robots and Systems (IROS) 361–367 (2023). doi:10.1109/IROS55552.2023.10341866. 796 

23. Vo Doan, T. T., Tan, M. Y. W., Bui, X. H. & Sato, H. An Ultralightweight and Living Legged 797 

Robot. Soft Robot. 5, 17–23 (2018). 798 

24. Tuthill, J. C. & Wilson, R. I. Mechanosensation and Adaptive Motor Control in Insects. Curr. 799 

Biol. 26, R1022–R1038 (2016). 800 

25. Ritzmann, R. E. et al. Deciding Which Way to Go: How Do Insects Alter Movements to 801 

Negotiate Barriers? Front. Neurosci. 6, (2012). 802 

26. Baba, Y., Tsukada, A. & Comer, C. M. Collision avoidance by running insects: antennal 803 

guidance in cockroaches. J. Exp. Biol. 213, 2294–2302 (2010). 804 



34 
 

27. Harley, C. M., English, B. A. & Ritzmann, R. E. Characterization of obstacle negotiation 805 

behaviors in the cockroach, Blaberus discoidalis. J. Exp. Biol. 212, 1463–1476 (2009). 806 

28. Song, K. et al. New Metal–Plastic Hybrid Additive Manufacturing for Precise Fabrication of 807 

Arbitrary Metal Patterns on External and Even Internal Surfaces of 3D Plastic Structures. 808 

ACS Appl. Mater. Interfaces 14, 46896–46911 (2022). 809 

29. Perera, A. T. K. et al. Modified polymer 3D printing enables the formation of functionalized 810 

micro-metallic architectures. Addit. Manuf. 61, 103317 (2023). 811 

30. Song, K. et al. 3D Programming of Patterned Heterogeneous Interface for 4D Smart 812 

Robotics. Preprint at https://doi.org/10.48550/arXiv.2312.14511 (2023). 813 

31. Andrzejewski, J., Mohanty, A. K. & Misra, M. Development of hybrid composites reinforced 814 

with biocarbon/carbon fiber system. The comparative study for PC, ABS and PC/ABS based 815 

materials. Compos. Part B Eng. 200, 108319 (2020). 816 

32. Barriga-Rivera, A. et al. High-amplitude electrical stimulation can reduce elicited neuronal 817 

activity in visual prosthesis. Sci. Rep. 7, 42682 (2017). 818 

33. Wu, G. K. et al. Amplitude- and frequency-dependent activation of layer II/III neurons by 819 

intracortical microstimulation. iScience 26, 108140 (2023). 820 

34. Titlow, J. S., Majeed, Z. R., Hartman, H. B., Burns, E. & Cooper, R. L. Neural Circuit Recording 821 

from an Intact Cockroach Nervous System. J. Vis. Exp. JoVE 50584 (2013) 822 

doi:10.3791/50584. 823 

35. Ayali, A. et al. The comparative investigation of the stick insect and cockroach models in 824 

the study of insect locomotion. Curr. Opin. Insect Sci. 12, 1–10 (2015). 825 

36. Ronneberger, O., Fischer, P. & Brox, T. U-Net: Convolutional Networks for Biomedical Image 826 

Segmentation. Preprint at https://doi.org/10.48550/arXiv.1505.04597 (2015). 827 

37. Chen, L.-C., Papandreou, G., Schroff, F. & Adam, H. Rethinking Atrous Convolution for 828 

Semantic Image Segmentation. Preprint at https://doi.org/10.48550/arXiv.1706.05587 829 

(2017). 830 



35 
 

38. Chen, J. et al. TransUNet: Transformers Make Strong Encoders for Medical Image 831 

Segmentation. Preprint at https://doi.org/10.48550/arXiv.2102.04306 (2021). 832 

39. Kirillov, A. et al. Segment Anything. Preprint at 833 

https://doi.org/10.48550/arXiv.2304.02643 (2023). 834 

40. Ravi, N. et al. SAM 2: Segment Anything in Images and Videos. Preprint at 835 

https://doi.org/10.48550/arXiv.2408.00714 (2024). 836 

41. Lu, Z., She, C., Wang, W. & Huang, Q. LM-Net: A light-weight and multi-scale network for 837 

medical image segmentation. Comput. Biol. Med. 168, 107717 (2024). 838 

42. Yu, W., Zhou, P., Yan, S. & Wang, X. InceptionNeXt: When Inception Meets ConvNeXt. in 839 

5672–5683 (2024). 840 

43. Rahman, M. M., Munir, M. & Marculescu, R. EMCAD: Efficient Multi-scale Convolutional 841 

Attention Decoding for Medical Image Segmentation. in 11769–11779 (2024). 842 

44. Yun, S. & Ro, Y. SHViT: Single-Head Vision Transformer with Memory Efficient Macro Design. 843 

in 5756–5767 (2024). 844 

45. Shi, P. et al. Centerline Boundary Dice Loss for Vascular Segmentation. Preprint at 845 

https://doi.org/10.48550/arXiv.2407.01517 (2024). 846 

46. Wang, D., Dong, Y., Lian, J. & Gu, D. Adaptive end-effector pose control for tomato 847 

harvesting robots. J. Field Robot. 40, 535–551 (2023). 848 

47. Latif, T. & Bozkurt, A. Line following terrestrial insect biobots. in 2012 Annual International 849 

Conference of the IEEE Engineering in Medicine and Biology Society 972–975 (2012). 850 

doi:10.1109/EMBC.2012.6346095. 851 

48. Bozkurt, A. et al. Biobotic insect swarm based sensor networks for search and rescue. in 852 

Signal Processing, Sensor/Information Fusion, and Target Recognition XXIII vol. 9091 498–853 

503 (SPIE, 2014). 854 

49. Latif, T., Whitmire, E., Novak, T. & Bozkurt, A. Sound Localization Sensors for Search and 855 

Rescue Biobots. IEEE Sens. J. 16, 3444–3453 (2016). 856 



36 
 

50. Fonseca, N. et al. 3D Printing-Enabled Design and Manufacturing Strategies for Batteries: 857 

A Review. Small 19, 2302718 (2023). 858 

51. Han, K. et al. A Survey on Vision Transformer. IEEE Trans. Pattern Anal. Mach. Intell. 45, 859 

87–110 (2023). 860 

52. Dosovitskiy, A. et al. An Image is Worth 16x16 Words: Transformers for Image Recognition 861 

at Scale. Preprint at https://doi.org/10.48550/arXiv.2010.11929 (2021). 862 

53. Gani, H., Naseer, M. & Yaqub, M. How to Train Vision Transformer on Small-scale Datasets? 863 

Preprint at https://doi.org/10.48550/arXiv.2210.07240 (2022). 864 

54. He, K., Zhang, X., Ren, S. & Sun, J. Deep Residual Learning for Image Recognition. Preprint 865 

at https://doi.org/10.48550/arXiv.1512.03385 (2015). 866 

55. Deng, J. et al. ImageNet: A large-scale hierarchical image database. in 2009 IEEE 867 

Conference on Computer Vision and Pattern Recognition 248–255 (2009). 868 

doi:10.1109/CVPR.2009.5206848. 869 

56. Wang, W. et al. PVT v2: Improved baselines with Pyramid Vision Transformer. Comput. Vis. 870 

Media 8, 415–424 (2022). 871 

57. Ryali, C. et al. Hiera: A Hierarchical Vision Transformer without the Bells-and-Whistles. in 872 

Proceedings of the 40th International Conference on Machine Learning 29441–29454 873 

(PMLR, 2023). 874 

 875 

Acknowledgments:  876 
 877 

The authors thank Mr. See To Yu Xiang, Dr. Kazuki Kai, Dr Duc Long Le, Mr. Li Rui 878 
for their suggestions, and Ms. Kerh Geok Hong, Wendy, for her support and help. This 879 
study was funded by JST (Moonshot R&D Program, Grant Number JPMJMS223A, 880 

H.S.). 881 
 882 
Author contributions: Conceptualization: Q.L., H.S. Investigation: Q.L., N.V. 883 
Methodology: Q.L., K.S., P.T.T.N., G.A.G.N. Visualization: Q.L., K.S. Funding 884 
acquisition: H.S. Supervision: H.S., Writing – original draft: Q.L., K.S., G.A.G.N., 885 

Writing – review & editing: Q.L., N.V., K.S., P.T.T.N., G.A.G.N., H.S. 886 
 887 



37 
 

Competing interests: The authors declare no competing interests. 888 

 889 
Data Availability: All data supporting the findings of this study are available within 890 
the article and its supplementary files. Source data are provided with this paper.  891 

 892 
Code Availability: The code that supports the findings of this study is available within 893 
the Supplementary Materials files. 894 

Figures 895 

 896 

Fig. 1. Insect-computer hybrid robot and its automated assembly configuration. 897 

(A) An anesthetized cockroach secured for backpack assembly using the robotic arm. 898 

The automatic assembly included an insect fixation structure driven by a slide motor, a 899 

robotic arm equipped with a gripper for grasping and assembling the backpack, and a 900 

depth camera for precise localization of the insect’s body position during assembly. (B) 901 

Components of insect-computer hybrid robot. The white mounting structure was 902 



38 
 

attached with a microcontroller and bipolar electrodes. The grasping section of the 903 

backpack was held by a robotic arm gripper, while the alignment hole placed the 904 

backpack. Mounting branches were used to hook the insect’s metathorax. Bipolar 905 

electrodes of the backpack were implanted into the intersegmental membrane between 906 

the insect’s pronotum and mesothorax. (C) Insect-computer hybrid robot. The 907 

backpack-assembled insect was controlled to execute turning maneuvers and 908 

decelerating. (D) A microcontroller with Sub-1GHz communication used to between 909 

the insect-computer hybrid robot and workstation. Stimulation signals were transmitted 910 

from the stimulation channels to the bipolar electrodes for insects’ locomotion control. 911 

After the assembly finished and the hybrid robot was needed for the locomotion control, 912 

a LiPo battery was plugged inside the power socket. Double-sided tapes were used to 913 

stick the battery to the backpack. 914 

  915 

 916 
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 917 

Fig. 2. Design, fabrication, and properties of the custom bipolar electrode. (A) 918 

Custom-designed bipolar electrode utilized a microneedle structure integrated with a 919 

hook design, facilitating rapid membrane penetration and secure self-locking within the 920 

punctured membrane. The electrode comprised normal resin and patterned copper wires 921 

to transmit stimulation. (B) Bipolar electrodes fabricated using multi-material 3D 922 

printing technology followed by electroless plating. (C) Bipolar electrodes before and 923 

after copper plating. (D) Finite element modeling and analysis during the process of 924 

bipolar electrodes implantation into the intersegmental membrane between the 925 

cockroach’s pronotum and mesothorax. (E) Adhesion rating of the metal plating within 926 
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the bipolar electrode, evaluated using the ASTM D3359-09 standard. Incorporating 927 

chemical etching strengthened the metal adhesion, preventing detachment during 928 

implantation and use and preserving electrical performance. (F) Impedance of 929 

conductive bipolar electrodes with conductivity (<70 Ω), significantly lower than non-930 

invasive electrodes’ impedance7. (G) Plating thickness vs. time. The curve depicts a 931 

growth trend, representing a thicker coating layer with a longer plating duration. 932 

 933 

 934 

 935 

 936 

 937 

 938 
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 939 

Fig. 3. Analysis of insect’s neural responses to electrical stimulation. (A) Insect’s 940 

neural activity in response to electrical stimulation. i) Neural recording configuration. 941 

Two probes were fixed to the nerve cord within the cockroach’s neck to record neural 942 

signals. ii) Neural activity and corresponding electrical stimulation. Neural spikes 943 

induced by electrical stimulation (blue circles) were quantified to assess responses 944 

across various stimulation voltages. iii) Spike counts at varying stimulation voltages 945 

(mean ± SD). For each voltage, nine trials of recording were conducted. (B) Insect leg 946 

reactions to electrical stimulation. i) No stimulation: The insect’s forelegs remained 947 

extended. ii) Right-turning stimulation: The insect’s left foreleg was stimulated and 948 

contracted. iii) Left-turning stimulation: The insect’s right foreleg was stimulated and 949 

contracted. iv) Deceleration stimulation: Both insect’s forelegs were stimulated and 950 

contracted. (C) Responses of insect locomotion to electrical stimulation. i) Induced 951 

angular speed during turning stimulation (mean ± SD). ii) Angular variations during 952 
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turning stimulation (mean ± SD. iii) Induced linear speed during deceleration 953 

stimulation (mean ± SD). 954 

 955 
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 956 

Fig. 4. Automated assembly of insect-computer hybrid robots. (A) Automated 957 

assembly. i - ii) An anesthetized insect on the platform was secured with a 3D 958 
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customized structure. iii) Insect along with the detected reference point for bipolar 959 

electrode implantation (green dot). iv - vi) The robotic arm grasping a backpack, 960 

implanting bipolar electrodes, and mounting the backpack. vii - viii) The robotic arm 961 

releasing the backpack to allow the fixation structure to retract. (B) Insect fixation. i) 962 

Configuration for insect fixation. ii) Magnified view of the insect’s pronotum fixation. 963 

iii) Details of the fixation with markings. Rods A and B pressed the anterior pronotum 964 

and the mesothorax, respectively, elevating the posterior pronotum. iv) Pronotum 965 

lifting height h increased as the distance d of Rod A decreased. For each d value, lifting 966 

heights h of ten insects were recorded. The error bars denote the standard deviation. (C) 967 

Detection of the implantation reference point. i) A square region around the pronotum 968 

of the insect cropped for segmentation inference. ii) Pronotum of the insect identified 969 

using the TransUnet model. iii) Edge of pronotum was identified using the detected 970 

pronotum mask. iv) Midpoint of the posterior pronotum edge detected as the 971 

implantation reference point. (D) Implantation of the bipolar electrode. i) Measurement 972 

of the implantation pitch angle (α) while preventing collisions with the insect or the 973 

fixation structure. ii) Recording of lower threshold αL and upper threshold αU when the 974 

backpack touched the 3D-customized structure and the insect, respectively. Five trials 975 

of the experiment were conducted. The error bars denote the standard deviation. To 976 

minimize the risk of potential collisions, the midpoint of these thresholds, α = 162.7 °, 977 

was selected. 978 
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 979 

Fig. 5. Locomotion control and implementation of automatically assembled insect-980 

computer hybrid robots. (A) Locomotion control of insect-computer hybrid robots. i) 981 

Induced angular speed during turning stimulation (mean ± SD). ii) Angular change 982 

during turning stimulation (mean ± SD). An insignificant difference in turning angles 983 

was detected compared to manually assembled hybrid robots (two-sided Student’s t-984 

test: P = 0.62 for left turns, P = 0.50 for right turns). iii) Induced linear speed during 985 

the deceleration stimulation (mean ± SD). An insignificant difference linear speed 986 

reduction was detected compared to manually assembled hybrid robots (two-sided 987 

Student’s t-test: P = 0.21). (B) Coverage of multiple insect-computer hybrid robots. i) 988 

Overview of the obstructed terrain in the coverage objective. ii) Configuration of the 989 

coverage experiment. Four UWB anchors tracked the positions of hybrid robots and 990 

transmitted the position data to the workstation for recording. Hybrid robots were 991 
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controlled using a workstation through Sub-1GHz. The target region is defined within 992 

the gray dashed lines. iii) Trajectories of insect-computer hybrid robots during the 993 

mission. iv) Coverage percentage over time. The coverage rate with all four hybrid 994 

robots exceeded (80.25%) that of a single robot (14.00% - 45.75%), demonstrating the 995 

efficiency of multiple hybrid robots for the same coverage mission.  996 
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Tables 1012 

Table 1. Comparison of models on the cockroach test samples dataset 1013 

Model Params (M) mIoU mDSC MSE (pR) 

LM-Net 5 0.8969 0.9448 1.970 

SHViT 18 0.8186 0.8990 3.722 

EMCAD 26 0.7688 0.8689 3.184 

UNet 31 0.8741 0.9318 2.382 

Deeplabv3 61 0.9245 0.9605 1.786 

TransUNet 105 0.9326 0.9650 1.749 

InceptionNeXt 193 0.8567 0.9222 2.603 

Segment Anything2 224 0.8040 0.8885 3.246 

Segment Anything 636 0.8471 0.9161 2.387 

 1014 

Table 2. Comparison of loss functions used for TransUNet training 1015 

Loss Function mIoU mDSC MSE (pR) 

BCE Loss 0.9326 0.9650 1.749 

DSC Loss 0.9289 0.9630 1.807 

bDoU Loss 0.9283 0.9626 1.617 

 1016 

Table 3. Comparison of TransUNet models trained on datasets with various 1017 

levels of data ablation 1018 

Training Image Data Metrics 

Original Asymmetrically scaled Rotated mIoU mDSC MSE 

✓     0.8721 0.9296 2.326 

✓ ✓   0.8847 0.9347 2.090 

✓   ✓ 0.9211 0.9588 2.152 

✓ ✓ ✓ 0.9326 0.9650 1.749 

 1019 

 1020 

 1021 
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Table 4. Assembly success rate  1022 

Insect Size 

(length, cm) 

Width of 

Metathorax (Mean 

± SD, cm) 

Assembly 

Success 

Rate 

Failure Modes (Number of Occurrences) 

Attachment 

Loosening 

Hook 

Failure  

 Misalignment 

5.0 - 5.5 1.98 ± 0.04 80.0% 3 0 0 

5.5 - 6.0 2.04 ± 0.05 86.7% 0 0 2 

6.0 - 6.5 2.30 ± 0.14 46.7% 0 6 2 

6.5 - 7.0 2.46 ± 0.08 13.0% 0 12 1 

 1023 

Table 5. Policy parameters of bipolar electrode and implanted structure 1024 

Object Density Young's 

Modulus 

Poisson’s 

Ratio 

Yield 

Strength 

Breaking 

Extensibility 

Bipolar electrode model 1.26g/cm3 330MPa 0.32 24MPa 0.08 

Implanted structure 1.21g/cm3 675MPa 0.38 38MPa 0.2 

 1025 


