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ABSTRACT 

Steering motor units (e.g. legs) of a living organism by controlled stimulation protocols is a key 

performance toward living machines, biohybrid robots, or cyborg animals — a fusion of living 

organisms and man-made devices. To achieve fundamental locomotion pattern generation (e.g. walking 

gait), a closed-loop (feedback) control system to steer motor units to be set at or to move along a 

predetermined position and motion path is essential. This study demonstrated the capability to build a 

precise closed-loop control system manipulating the angular displacement of a coleopteran’s leg with 

electrical stimulation applied directly to the corresponding muscles. We confirmed the correspondence 

between the angular displacement of the beetle’s leg and the electrical stimulation frequency was 

proportional, nonlinear, and time-variant. A fuzzy control system with multiple membership functions 

using a proportional controller with adjustable parameters was then proposed and adopted for motion 

control, and we successfully steered a living leg along a predetermined motion path. 
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1. Introduction 1 

Inspirations from nature are essential for breakthroughs in robot design. Besides complicated 2 

robotic networks with artificial intelligence functions, the emerging production of living 3 

machines, biohybrid robots, or cyborg animals [1] targets the combination of merits from both 4 

man-made devices and biological organisms, which makes this research field a highly 5 

discussed topic of great practical interest. A living machine involves imitation or direct 6 

utilization of functional biological elements, from molecules, such as enzymes, cells to tissues, 7 

or even to an entire organism, incorporated into artificial context with the desired real-time 8 

control [1-3].  9 

What are the merits of using biological organisms for living machines compared with 10 

entirely man-made ones? Living organisms, especially insects, possess many excellent 11 

properties, including outstanding and unparalleled agility of locomotion, which has made 12 

insects among the top focuses in the development of autonomous robots for decades [4-19]. 13 

Employing living insects as the platform for legged machines by electrical stimulation on leg 14 

muscles to induce user desired motor actions and behaviors leads to significant power-saving. 15 

The electrical stimulation of muscle tissues consumes power on the order of a few hundred 16 

microwatts, whereas the power consumption of man-made legged robots with mechatronics 17 

components is on the order of 100–1000 mW [7, 20, 21]. Complicated control algorithms, 18 

accurate motors, and sensing devices developed with knowledge from bionics are essential for 19 

man-made robots to retain their postures and to traverse obstacles. On the contrary, majority 20 

of such complicated control algorithms and devices are not necessary for living legged-21 

machines made of insects’ muscle tissues. The user is able to utilize the insect’s intrinsic 22 

walking system. For example, when the living-legged machine comes across an obstacle, the 23 

user shuts off the stimulator and releases the living insect platform from the user’s command 24 

and control system to let the insect overcome or avoid the obstacle by itself. 25 

Toward living legged ‘machine’ or ‘robot’ (walking control), as a starter, we attempt to 26 

have legged ‘actuator’ (one leg motion control). Fine control of one leg motion would finally 27 

lead to machine or robot. We have successfully performed control of walking gaits by 28 

stimulating insect leg muscles and regulating two legs’ motions under predetermined 29 

sequence [22]. To regulate leg motion precisely and navigate the machine under control, the 30 

motions of each leg and machine itself should be monitored. In laboratory environment, this 31 

study used a vision-based feedback where a motion capture system consisting of external 32 

cameras is employed to have 3D positional information of the legs. For open environment 33 

outside laboratory, it would be possible in future to use MEMS (micro electro mechanical 34 

systems) gyroscopes and acceleration meters, which should be attached on insect legs, to 35 

obtain feedback information on both angular and linear motions for a closed-loop control. 36 

Micro navigation systems for miniature aerial vehicles have been widely deployed [23-28]. 37 

Chowdhary et al. integrate off-the-shelf low cost range sensors into a navigation system 38 

functional in GPS denied indoor environments [24]. Brown et al. developed a miniature, low 39 

cost integrated GPS/inertial system designed to navigate unmanned aerial vehicle in a small 40 

self-contained package < 1 cubic inch including a triad of accelerometers and gyroscopes [23]. 41 

Some researchers have attempted to develop tiny electronic nodes which wirelessly 42 

communicate with one another or a remote console [29-34] Such a node has self-powering 43 

unit (energy scavenger, energy harvester), for which some piezo acoustic power generators, 44 

solar cells and biofuel cells has been proposed, designed and demonstrated. Such a self-45 

powered node can be integrated with MEMS gyroscope, accelerometer and electrical 46 

stimulator. Assuming a practically usable self-powered node would be available in future, we 47 

would be able to implant or insert such nodes into muscles of interest and make them 48 
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communicate with the remote console at user (probably via a microcomputer mounted on the 49 

insect back considering the transmitter of the node should be very low). Such integrated 50 

wireless node has not been practically demonstrated yet but the self-powering unit and micro 51 

sensors have been designed, manufactured and demonstrated. Once such an integrated 52 

wireless node is practically available, we can eliminate wiring electrodes into muscles in 53 

insect legged actuators and robots.  54 

The practical use of living machines that directly involves functional biological elements 55 

entails three major challenges: (1) using a large biological unit (e.g. living muscle), (2) 56 

keeping the biological unit in its functional environmental conditions (e.g. saline medium), 57 

and (3) advancing from open-loop control demonstration to the adaptation of a closed-loop 58 

(feedback) control system to steer the biological element (e.g. insect leg) to follow a 59 

predetermined motion path. As for (1) and (2), a few demonstrations have been conducted for 60 

living-muscle-based machines, while various biosensors using small biological units, such as 61 

enzymes, antibodies, and living cells, have been developed to date. Akiyama et al. 62 

demonstrated the possibility of building motor units by using muscle tissues extracted from 63 

living insects and kept in a specially designed chemical solution environment [2, 35, 36]. 64 

They demonstrated the chemical stimulation of the insect’s muscle tissues. To avoid the 65 

maintenance of the working environment, the researchers including the authors did not extract 66 

insect muscles but directly used an intact insect leg for building a biological actuator for 67 

toward-living-legged machines [20]. Electrical stimulation of large muscle tissues in a living 68 

body not only demonstrated the possibility incorporating large biological units of living 69 

muscles but also maintained its functional environmental conditions (muscular physiology 70 

was self-maintained by the insect as the muscle was not extracted but kept inside the cuticles) 71 

for long-term utilization with low power consumption [20, 37]. Furthermore, the researchers 72 

also demonstrated a conventional control system with a single proportional controller on 73 

muscle motion to steer the leg to follow a user-predetermined motion path [20].  74 

Many researchers have targeted varieties of insect neuromuscular sites for stimulation, 75 

including brain, ganglia, nerve cords, sensory units (e.g. antenna, compound eyes), and 76 

muscles for achieving locomotion control or appendage motion [4-7, 9-11, 38-44]. Most of 77 

the stimulation protocols proposed and tested were conducted in open-loop control manner 78 

[4-7, 9-11]. Those researches focused on developing effective stimulation protocols, e.g. to 79 

find “What stimulation applied to which neuromuscular sites can elicit desired motor actions 80 

and behaviors at how much success rate?”. A fundamental issue in the stimulation protocols, 81 

where stimulated targets were neural sites other than muscle, was that the stimulation does not 82 

guarantee 100% success rate in inducing desired motion. On the other hand, the muscle 83 

stimulation demonstrated in the authors’ previous research [20, 22] resulted in 100% success 84 

rate in inducing desired leg motions (for example, if the levation muscle is stimulate, no other 85 

motion but only the levation motion is induced), in which specific leg muscle groups were 86 

individually and separately stimulated via the properly implanted electrodes. Based on such a 87 

reliable electrical stimulation targeting leg muscle groups, they demonstrated the 88 

abovementioned conventional control system. Despite the successful demonstration, 89 

considerably large overshoot, long response time, and severe fluctuation were observed [20]. 90 

Hence, for a more sophisticated and precise motion control, it is important to determine the 91 

inherent characteristics of an actuator based on biological material (e.g. insect leg muscle), 92 

and then to investigate possible solutions.   93 

Functional electrical stimulation (FES), which intentionally induces and regulates 94 

desired motor action in limb of polarized patient (or experimental mammals as starter), has 95 

been intensively researched. Electrically induced rotation of the limb around the joint can be 96 
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mathematically modelled and controlled by modulating the intensity of stimulation delivered 97 

to, for example, the flexor and extensor muscles [45-51]. FES researchers have successfully 98 

developed many sophisticated open-loop, rule-based, or feedback controlled FES systems 99 

capable of rejecting instantaneous disturbances. Muscle response to electrical stimulation is 100 

nonlinear and time-varying, and is also subject to unpredictable reflexes that may generate 101 

perturbations [46, 50-52]. Muscle fatigue is also a significant factor in the time-varying nature 102 

of the stimulated muscle response [53]. Due to such characteristics, conventional 103 

proportional-integral-derivative (PID) controllers adopted for regulating limb rotation have 104 

large overshoot, slow rise and settling time, and are sensitive to model mismatch errors [49]. 105 

Researchers have then developed fuzzy controls for better performance in regulating limb 106 

rotation. Fuzzy control, such as the gain scheduling controller, yielded a slow response with 107 

little overshoot [45, 49, 50]. Even though the target animal in this paper is not human nor any 108 

other vertebrate but insect, the outcomes from human and vertebrate researches help to 109 

develop similar strategies for the insect motion control. 110 

We confirmed a major characteristic of biological material is that, unlike a traditional 111 

man-made mechatronics system, the response of biomaterial based on insects (e.g. insect leg 112 

muscle) to electrical stimulation can neither be mathematically modeled in practice nor 113 

uniquely defined in details [38-44]. There is a clear tendency that the motion response of leg 114 

muscles is monotonically increased by the frequency of electrical stimulation with fixed 115 

stimulation period to its maximum angular displacement position corresponding to an 116 

maximum stimulation frequency ceiling [6, 20, 38-41, 54]. However, an undefined hysteresis 117 

property also clearly exists in the leg response, which is demonstrated in details in this paper. 118 

Our research in this paper concludes that biomaterial of insect muscle tissues is a nonlinear 119 

and time-variant system with hysteresis property. There is a clear difficulty in designing a 120 

refined conventional control system based on PID controller for such nonlinear time-variant 121 

system in practice. The analytical optimization of the parameters for the conventional PID 122 

controller and the stability and robustness of such control system are not guaranteed.  123 

To address the abovementioned problematic characteristic, in this study, we propose to 124 

adopt a fuzzy logic for a refined precision feedback control on a biological actuator (e.g. 125 

insect’s leg motion control). A fuzzy-logic-based control system analyzing analog input 126 

values defined in an ambiguous status works better with nonlinear and time-variant systems 127 

compared with conventional PID controller [55-58]. Characteristics of the beetle leg muscle 128 

as biological materials, such as hysteresis property, make the input values, namely the 129 

feedback on angular displacement, defined in an ambiguous relative status in terms of its 130 

corresponding stimulation frequency. Clearly, a higher stimulation frequency leads to a larger 131 

angular displacement of the beetle’s leg motion [20]. However, the standard for a higher 132 

stimulation frequency or a larger angular displacement was relatively, rather than absolutely, 133 

defined. A fuzzy control system can adjust its internal parameters according to different 134 

situations through membership functions.  135 

Another benefit from the fuzzy control system is its simplicity and minimum power 136 

requirement for hardware, which is significant as we aim to develop a reliable miniature 137 

legged robot with live beetle carrying mechatronic controller on its back. The fuzzy control 138 

method does not require convergence of the system. Thus the same design fuzzy control 139 

method can be applied on different beetles which do not have exactly the same response to 140 

the same electrical stimulation. And the parameters of the fuzzy control method can be 141 

quickly calibrated in practice due to its structural simplicity to achieve its optimal 142 

performance.  143 
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In this study, we adopted a fuzzy control system for precision motion control of an insect 144 

leg. The individual membership function for fuzzification, namely adjustment of internal 145 

parameters of a proportional controller, was applied to every single feedback. The fuzzy 146 

control system achieved better performance, i.e. smaller overshoot, shorter reaching time (the 147 

time between the change in desired input angle and the first reach of the desired angle of the 148 

beetle’s leg), and less fluctuation, compared with that achieved by a conventional control 149 

system using a single proportional controller.  150 

 151 

 152 

2. Materials and Methods 153 

2.1. Insect for study and electrical stimulation device 154 

 Mecynorrhina torquata (coleopteran order, 6 cm long and weighing 12 g on average) was 155 

used as the insect platform for the biological actuator. The beetle was placed on a plastic plate 156 

and wrapped with dental wax for immobilization. The motion of the beetle’s front leg is 157 

originally with three degree-of-freedom (DoF), namely, protraction/retraction, 158 

levation/depression, and extension/flexion. One DoF motion of protraction/retraction was 159 

isolated by inserting two insect pin tips into the corresponding articulations to fix two other 160 

joints. The motion of the beetle’s front leg was thus reduced to one DoF. One antagonistic 161 

pair of muscles on the back of the beetle (Figure 1A) was targeted for electrical stimulation to 162 

control the isolated protraction/retraction motion of beetle’s front leg with proposed fuzzy-163 

control system. Four small holes were punched on the pronotum using an insect pin. They 164 

were used for two separated channels stimulating the targeted antagonistic pair of muscles. 165 

Teflon-insulated thin silver wire was used as the stimulation electrode, with the inserted 166 

portion flamed to remove the insulation layer. The length of the inserted portion of the 167 

stimulation electrodes was maintained at 2 mm. 168 

The stimulation system consisted of a control computer, a motion-detection system, and 169 

a stimulation circuit (Figure 1B). The control computer used our customized software 170 

BeetleCommander to control the monophasic square pulse, namely pulse-width-modulation 171 

(PWM) wave, as the stimulation signal. The electrical stimulation signal was generated using 172 

a custom-programmed microcontroller (Chipcon Texas Instruments CC2431, 6 × 6 mm, 130 173 

mg, 32 MHz clock). The stimulation pulse width was fixed at 1 ms, and the frequency was set 174 

between 0 and 200 Hz, because 200 Hz was already beyond the limitation of the beetle leg 175 

levitation [20]. The stimulation voltage was fixed at 1.5 V using AA batteries. For precision 176 

control of a single individual muscle, the stimulating electrical current flow was restricted to 177 

only the targeted muscle. However, the biological materials used, i.e. the beetle leg muscles in 178 

this case, was internally connected with shared tissue fluid. To achieve that isolation situation, 179 

all stimulation channels were isolated using opto-isolators connected with individual AA 180 

batteries. 181 

 182 

2.2. Motion-detection system. 183 

VICON
®
 vision detection system was adopted for our research to gather feedback information. 184 

The motion of beetle’s front leg with three makers placed onsite accordingly is monitored by 185 

VICON
®
 3D motion-detection system. Two markers placed on the beetle’s leg were 186 

recognized by the 3D motion-detection system as a solid line segment, and the third marker, 187 

placed on the beetle’s body, indicated the beetle’s position (Figure 1C and 1D). The 3D 188 

motion-detection system with 6 cameras is able to detect and store the X, Y, and Z 189 

coordinates of all markers. The angular displacement was calculated using the formula for 190 

angle calculation between two vectors, as follows: 191 
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 192                                                        

 193 

                                              (1) 194 

 195 

where     is the rest neutral position vector, and        is the current position vector, and    is the 196 

angle between the rest neutral position and current position vector, namely the angular 197 

displacement. 198 

All angular-displacement values were relative and calculated with respect to the leg’s 199 

initial position (rest neutral position) predefined manually. Before the start of the experiment, 200 

the beetle’s front leg was placed in position near the middle of its motion range. After that, 201 

when the front leg rested and did not move by beetle, we recorded this position as the initial 202 

position (rest neutral position), and calibrate the VICON
®
 3D detection system accordingly. 203 

The positive sign of the angular displacement indicated that it was an upswing of the leg’s 204 

motion relative to the initial position, while the negative sign indicated a downswing motion. 205 

Although the leg moves nearly in a 2D plane but technically in a 3D space with an arch 206 

trajectory due to stiff but a bit flexible leg structure. The projection of the leg’s trajectory on 207 

the horizontal plan does not reflect the actual angular displacement but only proportionally 208 

reflects the tendency of the angular displacement. The angular displacement calculated in 3D 209 

space accurately reflected the movement of the leg. BeetleCommander extracted 210 

instantaneous marker position information from the 3D motion-detection system and 211 

calculated the immediate leg-motion angular displacement. The 3D motion capturing system 212 

consists of six T40s VICON
®
 cameras (four megapixels resolution, 2336 x 1728) operated at 213 

100 frames per second. The accuracy of the motion capturing system was estimated using two 214 

markers placed 20 mm apart on a rigid stick and found 0.51 ± 0.12 mm (2.5 ± 0.62 %). The 215 

rate of marker missing was calculated 0.64%.  216 

 217 

2.3. Fuzzy-Control System for electrically stimulated motion of beetle’s leg muscle. 218 

To achieve the utilization of large biological units in a living organism, which is 219 

suggested as a major challenge for practical use of a living machine [1], we proposed the use 220 

of a feedback-control system on the PWM wave electrical-stimulation output on the beetle’s 221 

leg muscles with a fixed 1-ms pulse width and adjustable stimulation frequency. Comparing 222 

the properties of biomaterials and conventional man-made devices adopted in biohybrid 223 

robots, we suggested that a conventional PID controller is an impractical choice. On the basis 224 

of the properties of biomaterials corresponding to electrical stimulation of PWM wave, we 225 

accordingly developed a fuzzy control system with multiple membership functions, using the 226 

stimulation frequency as a single varying output to control the beetle’s leg motion to precisely 227 

follow a predetermined motion path. In this paper, we consider the conventional control 228 

system with a single proportional controller as a representation. For the fuzzy-control we also 229 

proposed to adopt a proportional controller. We demonstrated that the fuzzy controller 230 

performs better than the conventional controller. Before investigating these feedback-control 231 

systems, in the following section, we characterize, in detail, the properties of the biomaterial 232 

(e.g. insect leg muscles) adopted as a large functional element under electrical stimulation. 233 
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Traditional man-made robotic actuators widely adopted in past, which rely on 234 

mechatronics systems consisting of electrical, pneumatic or hydraulic motors, have 235 

deterministic characters. The relationship between input and output is exact deterministic 236 

according to physical laws and mathematical formulas, and it could be locally approximated 237 

by linear functions and simplified as a time-invariant system. For example, the torque or the 238 

angular acceleration generated by the electrical motor with a fixed input voltage and fixed 239 

rotational speed is constant and time-invariant. The linear relationship and the time-invariant 240 

system are two key presumptions for a conventional control system. 241 

However, the living biological functional element does not fulfill these presumptions. The 242 

inner structure of biomaterials and its chemical reactions as a driving force are yet to be 243 

thoroughly studied. The reaction of the beetle leg’s angular displacement corresponding to 244 

electrical stimulation with a fixed frequency was generalized and empirically studied using 245 

experimental data. The experimental result indicated that fuzzy control system is suitable to 246 

address this issue. 247 

 248 

2.3.1. Graded motion control data. Relationship between the stimulation frequency and the 249 

corresponding angular displacement of the beetle’s leg was well studied [20]. For the reaction 250 

of angular displacement to varying stimulation frequencies in the time domain, the 251 

stimulation frequency was fixed and the angular displacement of the beetle’s leg was recorded 252 

from its initial position to its maximum position with respect to time. For the maximum 253 

angular displacement in the frequency domain, only the maximum angular displacement of 254 

the beetle’s leg under each fixed stimulation frequency was recorded. Statistical analysis of 255 

the mean value and deviation was studied.  256 

The stimulation voltage was fixed at 1.5V for all experiments (10–100 Hz, 0 to 0.5 s, N = 257 

5, n = 25. Unless otherwise stated, N refers to the number of beetles used for each feedback 258 

control experiment and n refers to the number of trials for overall individual beetles in this 259 

paper). The electrical stimulation was applied directly on beetle’s leg muscle via silver wire at 260 

fixed frequency from 10 Hz to 100 Hz with 10 Hz interval. Five individual beetles were used 261 

for each experiment, and each experiment of electrical stimulation at fixed frequency was 262 

repeated five times.  263 

The angular displacement reaction of the beetle’s leg corresponding to a fixed stimulation 264 

frequency (10–100 Hz, 0 to 0.5 s, N = 5, n = 25) was studied in the time domain [20]. The 265 

graded motion analysis shows a strong time-dependent relationship between the electrical 266 

stimulation frequency and the leg’s angular displacement. The concave curve of the angular 267 

displacement indicates a decreasing angular velocity with respect to time. In addition, the 268 

maximum angular displacement reaction of the beetle’s leg corresponding to a fixed 269 

stimulation frequency (20–100 Hz, N = 5, n = 25) was studied in the frequency domain. The 270 

angular displacement reached its maximum position after 0.5 s. The graded motion data also 271 

shows a well-established proportional relationship between the electrical stimulation 272 

frequency and the leg’s angular displacement. The experiment result showed that the living 273 

biological functional element is a nonlinear, time-variant system. 274 

The graded motion analysis [20] indicate that the larger the difference in the stimulation 275 

frequency, the larger the difference in the time required for the beetle’s leg to reach the 276 

maximum angular displacement position. This implies that during continuous stimulation, a 277 

larger change in the stimulation frequency results in a longer time required by the beetle’s leg 278 

to reach the maximum angular displacement position. Moreover, only after the beetle’s leg 279 

reaches the maximum angular displacement position, we can gather valid feedback 280 

information on the beetle leg’s angular displacement by using a 3D motion-detection system. 281 
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Therefore, the system requires the membership function to adjust the update time interval on 282 

the basis of each desired change in the output value. The update time interval is defined as the 283 

total time of the current stimulation wave before the next update of the stimulation frequency. 284 

It is mainly designed to be no shorter than the time that the beetle leg takes to reach its final 285 

position, under a certain stimulation frequency. It can be deduced from the graded motion 286 

control data [20]. 287 

 288 

2.3.2. Hysteresis motion data. The graded motion result only provided the relationship 289 

between the stimulation frequency and the levitation angle starting from the same initial 290 

position with the same initial muscle length. This hysteresis test targeted the angular 291 

displacement of the beetle’s front leg starting from a neutral position under electrical 292 

stimulation with the stimulation frequency continuously increasing from 10 to 120 Hz, and 293 

the angular displacement from the maximum angular displacement position under electrical 294 

stimulation with the stimulation frequency continuously decreasing from 120 to 10 Hz. 295 

Before the experiment, the leg was placed and released at rest around middle of the angular 296 

displacement range without any electrical stimulation as neutral beginning position which is 297 

set at zero degree. The angular displacement of the leg was measured relatively to that neutral 298 

position.  299 

The experiments with increasing and decreasing stimulation frequency were continuously 300 

performed successively without pause. The stimulation frequency was increased from 10 to 301 

120 Hz, with a 10 Hz step, and then was decreased from 120 to 10 Hz, with a 10 Hz step. The 302 

stimulation at each frequency was maintained for 800 ms for the beetle’s leg muscle to reach 303 

its saturation position. We targeted protraction/retraction muscles, an antagonistic pair of 304 

muscles, and stimulated these muscles. For example, when the protraction muscle was 305 

stimulated, the retraction muscle was reserved intact (no stimulation) so that the retraction 306 

muscle did not exert force on the joint and the induced angular displacement was solely due 307 

to the electrical stimulation of the protraction.  308 

The angular displacement with increasing and decreasing stimulation frequency (10–120 309 

Hz, N = 5, n = 25) demonstrated that the targeted biomaterial, namely the beetle’s leg-muscle 310 

tissue, exhibits strong hysteresis property. The detailed data gathered in the experiment was 311 

thoroughly studied with statistics in the following results section. 312 

 313 

2.3.3. Theoretical analysis of conventional control system with a single proportional 314 

controller. We adopted a conventional control system with a single proportional controller as 315 

a representation of a conventional control system. A conventional control system with a 316 

single proportional controller is theoretically equivalent to a fuzzy control system with a 317 

single membership function. The experimental results of the single proportional controller 318 

system were gathered for further study of general properties of the proportional controller. 319 

The effect of the membership function on the fuzzy control system was studied and revealed 320 

on the basis of the results, which were used for preparing the fuzzy control system designed 321 

with multiple membership functions. 322 

The concept of proportional control was used to adjust the magnitude of the step 323 

increment and decrement of the stimulation frequency according to the following function: 324                       (2) 325 

where 326      is the last output stimulation frequency from the proportional controller. 327      
 is the updated output stimulation frequency from the proportional controller. 328 



9 

 

Kp is the proportional gain (adjustable by user). 329 

e(t) is the instantaneous angular displacement error at time t. 330 

The initial output stimulation frequency was set to 2 Hz, and a maximum ceiling of 120 Hz 331 

was adopted for the output stimulation frequency. The graded motion data and the hysteresis 332 

graph demonstrated that the effect of the stimulation frequency below 2 Hz is basically 333 

negligible, and that the leg angular displacement reaches its maximum motion range with the 334 

stimulation frequency beyond 120 Hz (Figure 2). The minimum frequency for levitation 335 

stimulation is 2 Hz, which means there is always stimulation for the levitation leg muscle. 336 

The minimum frequency for counterpart stimulation is 0 Hz, which means there can be no 337 

stimulation for the counterpart leg muscle.  338 

The electrical stimulation frequency from one channel initially increased to elicit the leg 339 

to move to the desired position. If the actual leg motion angle became larger than the 340 

predefined angle, the stimulation from the current working channel continued to decrease its 341 

stimulation frequency, whereas the stimulation from the counter-channel started decreasing 342 

the motion angle by increasing the corresponding stimulation frequency. Similarly, if the 343 

actual motion angle became smaller than the predefined angle, the counter-channel stopped 344 

generating the stimulation signal and the previous working channel started to increase its 345 

stimulation frequency to increase the leg motion angle. As such, the two channels that 346 

stimulated the antagonistic pair of muscles worked simultaneously to ensure that the beetle’s 347 

leg followed the predetermined motion path.  348 

The detected angle displacement, the desired angle displacement, and their difference 349 

were used as the input parameters. The proportional gain of the controller and the update time 350 

interval were used as the output parameters. On the basis of the analysis of the results from 351 

the conventional control system with a single proportional controller, the relationship between 352 

the input and output parameters was well studied. The membership function of the fuzzy 353 

control system changed both the value of proportional gain and the update time interval to 354 

account for the angular motion of the leg. The fuzzy control system with multiple 355 

membership functions was designed in accordance with our findings on the relationship 356 

between these two key factors and the experiment results. 357 

 358 

2.3.4. Theoretical analysis of fuzzy control system with multiple membership functions.  A 359 

fuzzy control system conceptually consists of three stages. An input stage, which reads 360 

feedback sensor values and then maps sensor or other inputs to the appropriate membership 361 

functions; a processing stage, which invokes the predefined membership functions and then 362 

calculates the result; and an output stage, which converts the result from the processing stage 363 

into a specific control output value. For the output stage, we used a proportional controller for 364 

the feedback control system. For the processing stage, we used the membership function to 365 

adjust the proportional gain of the controller and other parameters of the control system. 366 

In the input stage, the input parameters include the detected angular displacement, and 367 

desired angle displacement. These two parameters are mapped to the appropriate membership 368 

functions. The proposed shape of the membership functions is triangular. We selected the 369 

same point as the start and end of each detected angle displacement for the triangular 370 

membership functions. Consequently, each detected angle displacement had one unique 371 

corresponding membership function. As a result, at each detected angle displacement, the 372 

membership function gives one unique proportional gain for the output stage. 373 

On the basis of the relationships between the key factors and the feedback control results, 374 

the corresponding membership functions could be designed as follows:  375 
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(a) The system adopts a larger proportional gain for a larger angle difference between the 376 

detected and desired angle displacements. Proportional gain also increases with a larger 377 

desired angle input. Two variables as input, namely the angular difference between the 378 

detected and desired angular displacements                    , and the desired angular 379 

displacement         , and one dependent variable, namely    , as output are for the 380 

membership function. For simplicity, efficiency, reliability, and general applicability, we 381 

adopted a linear relationship of the increase in proportional gain. No other relationship is 382 

justified theoretically to have better performance than a simple linear relationship. It has the 383 

general linear relation form between the input and output as               , 384 

according to the function below.  385                                                   (3) 386     is the P controller value for the next frequency update 387          is the desired angle of motion used as the input 388          is the current angle of motion detected by the VICON
®
 3D system 389                    are parameters 390                                is the linear relationship between proportional gain 391 

and angle difference 392              is the increase in proportional gain from a larger desired angle input 393 

(b) The system adopts a longer update time interval for a larger angle difference between the 394 

detected and desired angle displacements. The update time interval also increases with a 395 

larger desired angle displacement. For the same reason and in the same form as    , we 396 

adopted a linear relationship for the membership function of   , according to the function 397 

below. 398                                               (4) 399    is the update time interval for the next frequency update 400          is the desired angle of motion used as the input 401          is the current angle of motion detected by the VICON
®
 3D system 402                 are parameters 403                              is the linear relationship between update time interval 404 

and angle difference 405             is the increase in update time interval from a larger desired angle input 406 

The membership function parameters include proportional gain and update time interval, 407 

which are determined by the angle difference and desired angle displacement according to 408 

functions (3) and (4), respectively. The processing stage invokes the unique corresponding 409 

membership function, and generates the corresponding stimulation frequency and the update 410 

time interval according to function (2). Finally, in the output stage, the microcontroller 411 

converts the stimulation frequency and update time interval into corresponding PWM waves. 412 

For the hysteresis properties of the beetle’s leg muscle under electrical stimulation, we 413 

generally consider that the corresponding stimulation frequency of a certain angular 414 

displacement is in a fuzzy status. Considering the motion direction of the beetle’s leg, we can 415 

narrow this fuzzy status into a smaller range of frequencies according to the hysteresis 416 

property graph shown in Figure 2. Such additional modules, e.g., adding binary factors of 417 

motion direction into equation (3), may improve the fuzzy control system in theory for future 418 

development. 419 

 420 
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2.4. Experimental setup 421 

The first set of experiments was performed using the conventional control system with a 422 

single proportional controller to achieve a preset angular displacement of 20°. We adopted a 423 

conventional control system with a single proportional controller having proportional gain 424 

values ranging from 0.5 to 1.0, with 0.1 increments.  425 

The second set of experiments was performed using a fuzzy control system with multiple 426 

membership functions to achieve a preset angular displacement of 20°. Individual beetles 427 

same as those used in the conventional control system were tested for this experiment.  428 

From the result of the first set of experiments, which used conventional control system, 429 

we deduced the lower and upper bounds for the value of proportional gain, as well as the 430 

update time interval for each value of proportional gain, and hence established a linear 431 

relationship between the update P controller proportional gain value and the update time 432 

interval.  433 

Kp values are adjusted according to equation (3), where     represents the real-time 434 

calculated Kp value for the proportional controller. There are two types of parameters. The 435 

first are user input parameters, namely             ,  the calibration value 1 and 2 for Kp 436 

with corresponding value 1 and 2 for                      . The second are values calculated 437 

from calibration, namely            . Before the experiment, the user inputs the values of the 438 

user input parameters based on conclusions from previous experiments. Our previous 439 

experiment showed that the proportional gain should be larger than 0.5 and smaller than 1 in 440 

order to have the closed-loop control work in practice. When the proportional gain was 441 

smaller than 0.5, the beetle’s leg did not reach the predetermined position. When the 442 

proportional gain was larger than 1, the fluctuation did not settle at the predetermined path. 443 

The largest absolute angular displacement range was around 40 degree for both upward and 444 

downward movements, which depended on both the experiment setup and individual beetle 445 

[20]. We use these values as boundary conditions.  The proportional gain         is 446 

corresponding to the largest angular difference                        . The proportional 447 

gain         is corresponding to the angular difference                       .The 448 

parameter    =0.02 is empirically optimized from our experiment result. These values were 449 

empirically optimized values from various experiment to have our presented experiment 450 

result.  451 

After that, we use calibration, according to the following conditions 1 and 2. 452         according to equation (3) when                            (Condition 1) 453         according to equation (3) when                             (Condition 2) 454 

to calculate the values for the rest of the parameters        and    . We have two 455 

unknown parameters in equation (3). We have to conditions to calculate the unknown 456 

parameters. 457 

Tp values are adjusted according to equation (4) in the same way as Kp in equation (3). 458 

The values of four parameters are also obtained in the same way as for the Kp in equation (3) 459 

based on our previous experiment result [20]. Before the experiment, the user inputs the 460 

values of the user input parameters based on conclusions from previous experiments. Our 461 

empirically optimized result is that the largest update time interval        is corresponding 462 

to the largest angular difference                        . The update time interval 463        is corresponding to the angular difference                       . The 464 

parameter      is empirically optimized from our experiment result.  465 

After that, we use calibration, according to the following conditions 3 and 4. 466 
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       according to equation (3) when                            (Condition 3) 467        according to equation (3) when                             (Condition 4) 468 

to calculate the values for the rest of the parameters        and   . We have two unknown 469 

parameters in equation (4). We have to conditions to calculate the unknown parameters. 470 

During the experiment, we have feedback of the current angular displacement         . 471 

With all the values of the parameters known, we can thus calculate the values of     and    472 

accordingly. 473 

 474 

2.5. Hardware implementation of the fuzzy control system.  475 

We developed customized software BeetleCommander for the fuzzy feedback control system. 476 

Electrical stimulation signals generated from two separate stimulation channels were used to 477 

control one antagonistic pair of muscles. BeetleCommander extracted instantaneous marker-478 

position information from the 3D motion-detection system and calculated the immediate leg-479 

motion angle. The protraction/retraction feedback motion control was adopted as an example 480 

to explain the working principle of our feedback control system, which was controlled by two 481 

separate channels from BeetleCommander. Electrical stimulation signals from the two 482 

channels were automatically generated according to the desired motion angle/path input. Both 483 

channels of stimulations worked independently and concurrently.  484 

For the fuzzy control system, the input consisted of three parameters: the detected angle 485 

displacement from the 3D motion-detection system, the user input desired angle displacement, 486 

and the angle difference between the detected and desired angles. The output comprised two 487 

parameters: the output frequency for the PWM wave and the update time interval.  488 

The graded motion control results show the minimum time required to reach the 489 

maximum angular displacement position with respect to the stimulation frequency. The 490 

relationship between the minimum time required, namely the update time interval, and the 491 

stimulation frequency is nondeterministically proportional. Together with the hysteresis test 492 

results, the data show that the relationship between the angular displacement and the 493 

stimulation frequency is also nondeterministically proportional. For ease of implementation, 494 

we simplified these nondeterministically proportional relationships into proportional 495 

relationships using adjustable parameters.  496 

The output frequency of the fuzzy control system was non-integer because of the non-497 

integer feedback data and non-integer proportional controller gain. For the convenience of 498 

electrical stimulation with no measurable difference, we used all integer values for the output 499 

stimulation frequency. To achieve that, we replaced the output frequency with its nearest 500 

integer number.  501 

 502 

2.6. Data analysis and statistics. 503 

 In the data analysis of the experiments described herein, N refers to the number of beetles 504 

used for each feedback control experiment and n refers to the number of trials for overall 505 

individual beetles. Values are given as mean   standard deviation. Overshoot was calculated 506 

as absolute angular displacement as well as in percentage form. The mean overshoot, as well 507 

as the mean reaching time, was calculated as an average over n number of trials.  508 

 509 

 510 

3. Results and Discussion 511 

3.1. Muscle reaction to electrical stimulation is a nonlinear, time-variant system with 512 

hysteresis property. 513 
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The hysteresis motion data in Figure 2 indicate that for the same difference in angular 514 

displacement, the difference in the stimulation frequency is large when the absolute angular 515 

displacement is very large or very small, approximately above 25° or below 15°, and that the 516 

difference in the stimulation frequency is small when the absolute angular displacement lies 517 

in the middle range, from approximately 15 to 25 Hz. Consequently, a fast change in the 518 

stimulation frequency is required when the absolute angular displacement is very large or 519 

very small, and a slow change in the stimulation frequency is required when the absolute 520 

angular displacement is in the middle range. Such a property does not exist in a time-invariant 521 

linear system. Thus, to realize this preferred result, the system must adopt membership 522 

functions to adjust the controller parameters, mainly the proportional gain for a proportional 523 

controller, on the basis of the feedback information.  524 

Results in the frequency domain, shown in Figure 2, indicated that when the beetle’s leg 525 

moves away from the neutral position, the stimulation frequency increases slowly at the 526 

beginning and then rapidly for the same increase in angular displacement, while in case of 527 

movement toward the neutral position, the stimulation frequency decreases slowly at the 528 

beginning and then rapidly for the same decrease in angular displacement. To reach the same 529 

angular displacement, the corresponding frequency of the motion type moving toward the 530 

neutral position differs from that of the motion type moving away from the neutral position.  531 

Because a significant difference exists in the stimulation frequencies required to reach 532 

the same angular displacement between the movement away from and the neutral positon and 533 

that toward it (Figure 2), the detected angular displacement does not clearly indicate the exact 534 

corresponding value of the stimulation frequency. For example, 80 Hz was considered as 535 

higher stimulation frequency with larger angular displacement for the movement away from 536 

the neutral position, with corresponds to an approximately 25° angular displacement. On the 537 

other hand, 60 Hz was considered as the higher stimulation frequency with larger angular 538 

displacement for the movement toward the neutral position, which corresponds to an 539 

approximately 30° angular displacement. 540 

The deviation in the angular displacement is much smaller for the increasing stimulation 541 

frequency as compared with that for the decreasing stimulation frequency. The deviation is 542 

accumulative because the experiment is continuously ongoing with variable stimulation 543 

frequency. Furthermore, the electrical stimulation effect with varying frequency has minimum 544 

and maximum limitations, which depend on the beetle’s own properties and are unique for 545 

each beetle; yet they are, in general, approximately 20 Hz and 100 Hz, respectively (Figure 2). 546 

The proportional relationship between the stimulation frequency and swinging angular 547 

displacement was effectively established only on a partial span of the entire simulation 548 

frequency.  549 

We considered the above mentioned properties, and the fact that the internal biological 550 

working mechanism and chemical reaction of beetle muscle is difficult to be mathematically 551 

modeled. Thus, we reached the conclusion that a simplified linearized relationship between 552 

the stimulation frequency and angular displacement, angular velocity, or angular acceleration 553 

of the leg motion is not able to be established in practice. Those three parameters of the leg 554 

motion are also strongly dependent on reaction time, which was demonstrated in the graded 555 

motion data [20] and Figure 2. 556 

These results conclude that the biomaterial of insect muscle tissues is a nonlinear and 557 

time-variant system. And the experiment result showed that the living biological functional 558 

element exhibits an unclearly defined fuzzy relationship between the electrical stimulation 559 

frequency and angular displacement of the beetle’s leg.  560 

 561 
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3.2. Both conventional and fuzzy control systems can steer the insect leg to follow a 562 

predetermined path, but the latter performs better. 563 

 On the basis of the relationship between the electrical stimulation frequency and the beetle 564 

leg’s angular displacement, we used the concept of fuzzy control to steer the leg movement 565 

according to a preset angular displacement and hence follow a predetermined motion path, 566 

which was separated into a series of consecutive preset angular displacements. Figure 3A and 567 

3B shows the schematic representation of both conventional and fuzzy control systems.  568 

The conventional control system with a single proportional controller was adopted for 569 

the experiment (±20° step function, t = 10 s, N = 5, n = 30). Figure 4 demonstrates that such a 570 

control system can enable the beetle’s leg motion to follow the preset angular displacement 571 

closely. With an increment in the proportional gain of the controller (Kp) from 0.5 to 1.0, the 572 

leg response overshoot generally increases, whereas the settling time decreases. The fuzzy 573 

control system with multiple membership functions was adopted for the experiment (±20° 574 

step function, t = 10 s, N = 5, n = 30). Figure 5A demonstrates that the fuzzy control system 575 

can also enable the beetle’s leg motion to follow the preset angular displacement closely. It 576 

also shows the stimulation frequency in the corresponding time domain.  577 

Three major properties of the two control systems—overshoot displacement, reaching 578 

time, and damping effect—were compared. Figure 5B illustrates how the values of overshoot 579 

displacement and reaching time were determined. The overshoot displacement is defined as 580 

the first peak value of the detected motion path. Because the beetle is alive and can steer its 581 

own legs’ angular displacement, we selected the first peak value to avoid extreme cases where 582 

the first peak value as overshoot is not the maximum value. The reaching time is defined as 583 

the time between the change in the desired input angle and the first reach of the desired angle 584 

of the beetle’s leg. The living functional element may not settle into the predetermined path 585 

but rather fluctuate around it because of the internal noise from the beetle’s own movement. 586 

Thus, with such a possibility, the reaching time is a significant indicator of the system’s 587 

response rate. The damping effect is defined as the fluctuation in the beetle leg’s angular 588 

displacement around the predetermined path.  589 

The controlled leg movement exhibits the following three interesting properties. (1) The 590 

overshoot angular displacement. (2) The reaching time, instead of settling time, which is the 591 

time span between the start of the input angle and the first time the system reaches the input 592 

angle; because of the obvious fuzzy system property and disturbance from the beetle itself, 593 

the settling time may not accurately reflect the system’s response time, or there may not even 594 

be a settling time because of the fluctuation. (3) The damping effect, which is the fluctuation 595 

in the controlled motion. 596 

On the basis of the above presented experimental results in Figure 5A, we conclude as 597 

follows: With increasing proportional gain, the experimental results demonstrate decreasing 598 

steady-state error, decreasing reaching time, and increasing damping and increasing overshoot. 599 

With increasing update time interval, the experimental results demonstrate decreasing 600 

damping and increasing reaching time.  601 

The fuzzy control system with multiple membership functions minimizes these 602 

disadvantages and has the closest control fit for the predetermined leg motion path. Figure 6A 603 

and 6B show a statistical analysis of the comparison of the overshoot and reaching time 604 

between a conventional controller with a single proportional controller and a fuzzy control 605 

system with multiple membership functions. For the conventional control system, the graphs 606 

show the effect of proportional gain on the overshoot and reaching time, as well as the result 607 

of the fuzzy control system with multiple member functions. Table 1 shows the detailed 608 

values of the statistical analysis. The overshoot increases with the proportional gain of the 609 



15 

 

conventional controller to a certain point, approximately p = 0.9, while the fuzzy system with 610 

multiple membership functions exhibits the smallest overshoot. The reaching time for the 611 

conventional control system decreases with increasing proportional gain, while the fuzzy 612 

control system with multiple membership functions exhibits well averaged reaching time. 613 

Comparing Figure 4 and 5A, we conclude that the damping increases with the proportional 614 

gain, and the fuzzy system with multiple membership functions exhibits the modest damping. 615 

For the fuzzy control system, the internal parameters that cause the decrease in overshoot 616 

lead to an increase in reaching time, which is in accordance with the intrinsic property of the 617 

proportional controller. Although the fuzzification function changes the parameters, the fuzzy 618 

control system with multiple membership functions still adopts the proportional controller for 619 

the control loop. The decrease in overshoot requires smaller proportional gain—which leads 620 

to lower system response, i.e., longer reaching time. By tuning the membership function of 621 

fuzzification, i.e., by varying the values of the fuzzification function parameters, the desired 622 

balance between system overshoot and reaching time can be achieved. 623 

 624 

 625 

4. Conclusion 626 

Toward an insect leg actuator based on electrical stimulation of leg muscles, a fuzzy 627 

control system with multiple membership functions was developed and demonstrated 628 

to regulate a beetle’s leg to follow a predetermined motion path. The hysteresis was 629 

found in the proportional correlation between the frequency of the muscle electrical 630 

stimulation and the angular displacement of the stimulated leg. For that, instead of the 631 

conventional proportional control system, the fuzzy control system was adopted to 632 

regulate the angular displacement and it achieved a smaller overshoot, shorter 633 

reaching time, and less damping effect of fluctuation.  634 

 635 

 636 

Acknowledgements 637 

This work has been supported by Nanyang Assistant Professorship (NAP), Agency for 638 

Science, Technology and Research (A*STAR) Public Sector Research Funding (PSF), and 639 

A*STAR-JST (The Japan Science and Technology Agency) joint grant. The authors offer 640 

their appreciation to Mr. Chew Hock See, Mr. Cheo Hock Leong, Mr. Ow Yong See Meng, 641 

Ms. Chia Hwee Lang, Mr. Roger Tan Kay Chia at School of MAE, NTU. The authors thank 642 

Professor Pieter Abbeel (UC Berkeley), Professor Kazuo Ikeda (City of Hope Medical 643 

Center), and Professor Michel M. Maharbiz (UC Berkeley) for their helpful advice, and 644 

Professor Kris Pister (UC Berkeley) for providing the wireless communication device. 645 

 646 

Author contributions 647 

CZ, FC, TTVD, YL and HS designed research, CZ, FC and HS performed research; CZ, FC 648 

and HS analyzed data; CZ, FC and HS wrote the paper. 649 

 650 

 651 

Additional Information 652 

Competing financial interests: The authors declare no competing financial interests. 653 



16 

 

Figure Legends  

 

Figure 1. Experiment materials and devices. (A) Anatomical view of the 

protraction/retraction pair of muscles controlling the front leg’s angular motion. The 
positions of the implanted stimulation electrodes, namely thin silver wires, are 

indicated by red crosses. (B) The hardware setup for the closed-loop control system 

and the 3D motion-detection system. A laptop with a circuit board is used for the 

closed-loop control system. One desktop with camera sets is used as the 3D motion-

detection system.  (C) The positions of the markers placed on the beetle, which are 

recognized by the 3D motion-detection system as point objects. (D) The 

representation of the recognized markers on the 3D motion detection system. The 

femur–tibia section of the beetle’s leg is represented by the solid line segment joining 

the two markers placed on the front leg. The lower point indicates the body of the 

beetle. 

 

Figure 2. Hysteresis motion of electrically stimulated insect-leg. Hysteresis 

motion for angular displacement corresponding to different stimulation frequencies of 

two motion types—movement toward and movement away from the neutral position 

predefined manually (N = 5, n = 25). The stimulation frequency starting from 10 Hz is 

continuously increased to 120 Hz and continuously decreased to 10 Hz, with a 10 Hz 

step. The stimulation remains at each stimulation frequency for 800 ms. (A) and (B) 

are reproduction from the authors’ previous work in [20] with permission under the 

terms of the Creative Commons Attribution License in that journal.  

 

Figure 3. Schematic representation of the fuzzy control system. (A) Schematic 

representation of the fuzzy control system with a single membership function, which 

is a proportional controller. Instantaneous marker positions are used as the system’s 
feedback information input for adjusting the stimulation frequency as the system’s 
output. (B) Schematic representation of the fuzzy control system with multiple 

membership functions. Each membership function is a proportional controller. 

Instantaneous marker positions are used as the system’s feedback information input.  
 

Figure 4. Result of conventional control system with single proportional 

controller. The comparison between the actual leg motion path (red line) and 

predetermined motion path (blue line). As the Kp value increases, the leg response 

overshoot generally increases, whereas the settling time decreases (N = 5, n = 35).  

 

Figure 5. Result of fuzzy control system with multiple membership functions. 

(A) The comparison between the actual leg motion path (red line) and the 

predetermined motion path (blue line). The stimulation frequency of two stimulation 

channels is presented in the same time line as the angular displacement graph (N = 

5, n = 35). (B) Fuzzy controller data result example demonstrates how we interpret 

the presented experimental data. Overshoot and reaching time are defined 

accordingly.  

 

Figure 6. Comparison of overshoot and reaching time between fuzzy control 

and conventional control. (A) The graphs provide statistical analysis of the 

overshoot results in both absolute angle displacement and percentage (N = 5, n = 
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35). The blue bar graph indicates the average value, and the error indicates the 

deviation. The first blue bar graph shows the result of the fuzzy system with multiple 

membership functions. The blue bar graphs after the first one show the result of the 

fuzzy system with a single membership function at each Kp value from repeated 

experiments. (B) The graph provides statistical analysis of the reaching time results 

in millisecond (N = 5, n = 35). The blue bar graph indicates the average value, and 

the error indicates the deviation. The first blue bar graph shows the result of the fuzzy 

system with multiple membership functions. The blue bar graphs after the first one 

show the result of the fuzzy system with a single membership function at each Kp 

value from repeated experiments.  
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