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Abstract 26 

Control of adaptive walking requires the integration of sensory signals of muscle force 27 

and load.  We have studied how mechanoreceptors (tibial campaniform sensilla) 28 

encode ‘naturalistic’ stimuli derived from joint torques of stick insects walking on a 29 

horizontal substrate.  Previous studies showed that forces applied to the legs using the 30 

mean torque profiles of a proximal joint were highly effective in eliciting motor activities.  31 

However, substantial variations in torque direction and magnitude occurred at the more 32 

distal femoro-tibial joint, which can generate braking or propulsive forces and provide 33 

lateral stability.  To determine how these forces are encoded, we utilized torque 34 

waveforms of individual steps that had maximum values in stance in the directions of 35 

flexion or extension.  Analysis of kinematic data showed that the torques in different 36 

directions tended to occur in different ranges of joint angles. Variations within stance 37 

were not accompanied by comparable changes in joint angle but often reflected vertical 38 

ground reaction forces and leg support of body load. Application of torque waveforms 39 

elicited sensory discharges with variations in firing frequency similar to those seen in 40 

freely walking insects. All sensilla directionally encoded the dynamics of force increases 41 

and showed hysteresis to transient force decreases. Smaller receptors exhibited more 42 

tonic firing. Our findings suggest that dynamic sensitivity in force feedback can 43 

modulate ongoing muscle activities to stabilize distal joints when large forces are 44 

generated at proximal joints.  Further, use of ‘naturalistic’ stimuli can reproduce 45 

characteristics seen in freely moving animals that are absent in conventional restrained 46 

preparations.   47 

Word count 249 48 
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New and Noteworthy 49 

Sensory encoding of forces during walking by campaniform sensilla was characterized 50 

in stick insects using waveforms of joint torques calculated by inverse dynamics as 51 

mechanical stimuli.  Tests using the mean joint torque and torques of individual steps 52 

showed the system is highly sensitive to force dynamics (dF/dt).  Use of ‘naturalistic’ 53 

stimuli can reproduce characteristics of sensory discharges seen in freely walking 54 

insects, such as load transfer among legs.  55 
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Introduction 85 

   Regulation of force is considered an integral component in the control of adaptive leg 86 

movements in walking (1-4).  Muscle forces and loads are monitored mainly by sense 87 

organs in the legs and feet (5-6). However, there are disparate views on the specific 88 

parameters of forces that are signaled by these receptors.  In vertebrates, for example, 89 

early experiments established that the discharges of Golgi tendon organs, which 90 

monitor forces through strains at muscle insertions, could encode force magnitude, 91 

providing information necessary in the detection and regulation of body load (7-9).  92 

However, tendon organs have strong dynamic sensitivities that could compromise linear 93 

encoding of force magnitude in walking: receptor discharges were, instead, considered 94 

to function mainly to provide signals on variations in forces and detection of ‘static 95 

muscle force might require the combined processing of discharges from other types of 96 

receptors’ (10; see also 11). Subsequent studies have proposed that information about 97 

force magnitude is derived from sensory receptors as a population that converges in the 98 

central nervous system, although the specific mechanisms have not been elucidated.   99 

We have studied how forces are detected and controlled in posture and locomotion in 100 

insects. Campaniform sensilla are mechanoreceptors that encode forces as strains in 101 

the exoskeleton (3, 12-14).  Many groups of receptors can be activated by imposed 102 

forces but, like Golgi tendon organs, campaniform sensilla specifically encode muscle 103 

forces that act against external loads (15, 16).  The receptor neurons can signal the 104 

magnitude of forces under defined experimental conditions, but also show strong 105 

dynamic sensitivities (17).   106 
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   To assess the effects of force receptors in walking, a previous study examined motor 107 

responses to forces imposed upon the legs using ‘naturalistic’ stimuli of joint torques 108 

(18). The torque profiles were calculated by inverse dynamics in experiments that 109 

characterized ground reaction forces and leg movements of freely walking stick insects 110 

(19).   Use of joint torques as stimuli elicited vigorous activation of groups of synergist 111 

leg muscles and reduced adaptation that occurred to forces imposed as ramp and hold 112 

waveforms.  Motor activities could also be elicited by transient perturbations introduced 113 

into the waveforms. 114 

   However, those experiments only characterize motor activities during application of 115 

mean torques at one proximal leg joint (CTr, coxo-trochanteral joint) and did not 116 

extensively characterize the effects of other joint torques on sensory discharges.  The 117 

present study was undertaken to examine sensory encoding of joint torques at the more 118 

distal femoro-tibial (FT) joint.  The sensory receptors at the FT joint (tibial campaniform 119 

sensilla) are limited in number and can readily be characterized by extracellular 120 

recording. The mean torque at the FT joint in walking on a horizontal substrate was 121 

quite small in comparison to the proximal articulations (19).  However, the torque values 122 

were quite variable and could show changes in sign (flexor vs. extensor). The present 123 

study sought to characterize sensory encoding of this variability by applying torque 124 

waveforms of single steps that were selected based upon their deviation from the mean 125 

values.  The goal of this study was to use variations in the system as ‘natural’ 126 

perturbations to examine the properties of sense organs in signaling force amplitude 127 

and rate.  While previous studies utilized sudden changes in waveforms, these stimuli 128 

were inherently artificial.  Perturbations can also act as ‘novel’ stimuli and elicit 129 
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components of compensatory reactions (20) that do not reflect the way the system 130 

encodes and reacts to normal variations. 131 

   In addition, campaniform sensilla of insects occur in groups and receptors within a 132 

cluster show range fractionation and diverse sensitivities (21, 22). In the present study, 133 

analysis of sensory responses included sensilla with smaller extracellular potentials.  134 

Those receptors show more tonic activities but are rarely characterized.  This approach 135 

has confirmed that the system is particularly sensitive to force dynamics during walking 136 

but can reflect force magnitude as a population, although all sensilla show hysteresis 137 

(23).  Evaluation of data on joint angles and ground reaction forces during these steps 138 

supports the hypothesis that the dynamic sensitivities in force signals can aid in 139 

stabilizing the femoro-tibial joint to produce smooth movements in walking while larger 140 

forces are generated in support and propulsion at the more proximal leg joints (24).  141 

Methods  142 

   Experiments were performed on the middle legs of adult, female Indian stick insects 143 

(Carausius morosus, N =15) obtained from colonies at the University of Cologne (Fig. 144 

1A). Activities of tibial campaniform sensilla (Fig. 1B, C) were also recorded from adult, 145 

female Annam stick insects (Medauroidea extradentata, N=15) obtained from a 146 

commercial supplier (Backwater Reptiles, USA). Medauroidea extradentata (syn. 147 

Cuniculina impigra) are a species of stick insects similar to Carausius but are larger in 148 

body size and mass (25).   149 

   Data were extensively analyzed from preparations (N = 4 Carausius, N = 4 150 

Medauroidea) that showed stability throughout the series of tests, ablations and retests 151 

(monitored by changes in amplitude of extracellular action potentials) and similar 152 
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stiffness of the cuticle (indicated by the displacement needed to generate resistive 153 

forces).  In Carausius, these recordings permitted consistent detection of activities of 154 

sensilla with small extracellular potentials over similar ranges of imposed force. All data 155 

presented in the figures are from Carausius and results on Medauroidea and summary 156 

data on both species are contained in Figure 9.   157 

Sensory recordings 158 

   The techniques used to record activities of stick insect tibial campaniform sensilla are 159 

described in previous publications (15, 16). Briefly, animals were first restrained on a 160 

platform using staples. All nerves to the middle leg were then severed in the thorax. The 161 

femur of the middle leg was immobilized using staples and cyanoacrylate adhesive so 162 

that the plane of movement of the femoro-tibial joint was horizontal, parallel to the upper 163 

surface of the platform (Fig. 1D). The femoro-tibial joint was also immobilized using a 164 

pin and adhesive.  The tarsus was amputated in the distal tibia, near the tibio-tarsal 165 

joint, and a mixture of Vaseline and paraffin oil was placed over the end of the tibia to 166 

prevent desiccation. In most studies, two 50 micron silver wires (Goodfellow Ltd, 167 

AG005825) were implanted along the main leg nerve (nervus cruris) in the femur. The 168 

insulating layer surrounding the wires was removed over the portion inserted into the 169 

leg. Forces were applied to the tibia (see below) when positioning the wires, in order to 170 

optimize signals from sensilla with small extracellular amplitudes.  The wires were fixed 171 

to the cuticle with cyanoacrylate. Sensory activities were recorded using a custom built 172 

AC amplifier (Michael Duebber, University of Cologne) and Spike2 interface (Cambridge 173 

Electronic Design (CED), Cambridge, UK). All neurophysiological and force data were 174 

recorded using the CED laboratory interface. 175 
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Mechanical stimulation 176 

   Forces were imposed on the tibia using a probe with strain gauges mounted on a 177 

motor (Fig. 1D; Michael Dȕbbert, University of Cologne). Torque waveforms were 178 

derived from a previous study which measured ground reaction forces in freely walking 179 

animals via force plates (19).  In that study, animals walked on a long narrow platform in 180 

which three-dimensional force transducers were embedded.   Body and leg motions 181 

were captured and reconstructed using a marker-based motion capture system with 182 

high-speed cameras (Vicon MX10 with eight T10 cameras, controlled by software 183 

NEXUS v. 1.4.1; Vicon, Oxford, UK).  Data from the force plates was low pass filtered at 184 

12.5 or 25 Hz. Torques about the intrinsic leg joints were determined by inverse 185 

dynamics using a three-dimensional rigid link model of the leg and mean torques were 186 

calculated from pooled data.   187 

   To study the variable torques of the femoro-tibial joint of the middle (mesothoracic) 188 

leg, we utilized torque waveforms of individual steps that had maximum values in stance 189 

in the directions of flexion or extension (n = 8 steps, each derived from a separate 190 

walking sequence from N = 2 animals [although other animals showed similar 191 

variability]). To use the torque waveforms as stimuli in the present study, torque values 192 

were imported into sequencer files in the CED software and the stance duration was 193 

normalized to 800 msec (a typical stance duration for free walking stick insects (19)). 194 

The sequencer files were output as voltages using the CED interface and rerecorded in 195 

hardware with low-pass filters to smooth voltage “steps” in the file output. The recorded 196 

files were then applied through the motor, which induced torques by bending the tibia 197 

around the immobilized femoral-tibial joint.   The torque waveforms of single steps 198 
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(Steps 1-4 Extensors torques, Steps 5-8 Flexor torques) were applied repetitively (mean 199 

0.5 repetitions per second +/- 0.004 SD). In this paper, a single repetition of the torque 200 

waveform is referred to as a ‘step’ or test. Sensory discharge frequencies were stable 201 

and showed no long term adaptation throughout a series of tests.   202 

Unit identification 203 

   Subgroup identification by cap ablation - The tibial campaniform sensilla are located 204 

on the dorsal (outer) surface of the cuticle of the proximal tibia (Fig. 1B, C) and are 205 

arranged as two spatially separated subgroups,  6A and 6B (26). The subgroups 206 

respond to different directions of forces generated by tibial muscles or applied to the 207 

tibia (6B discharge to resisted flexor muscle contractions or applied distal tibial 208 

extension; 6A respond to resisted extensor muscle contractions or applied tibial flexion).  209 

Units could be identified by the size of their extracellularly recorded amplitude. In the 210 

present experiments, bending forces were applied to the distal tibia during placement of 211 

the recording wires with the goal of maximizing the recorded amplitude of the smallest 212 

6B sensilla.  We utilized ablation of the subgroups to confirm unit identification: after 213 

ablation of the caps of 6B sensilla, subsequent retesting to torque waveforms showed 214 

that discharges of 6A sensilla were retained due to their proximal location in the tibia 215 

(see text below for details).  Subsequent ablation of 6A receptors eliminated those 216 

components of responses. 217 

   While the tibial sensilla could be analyzed as subgroups, there were limitations to the 218 

identification of single units and analysis of frequencies in the multiunit recordings.  219 

Responses were recorded through 35-50 repetitions for each step waveform in both the 220 

directions of flexion and extension. The size of the recorded potentials decreased 221 
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somewhat through repeated application of forces to the tibia at different amplitudes. For 222 

example, in Carausius, the size of potentials of large 6A sensilla decreased, on 223 

average, by 18.0 % +/- 10 SD (N = 5) through the tests and subsequent ablation of 224 

Group 6B sensilla.  These decreases were generally proportional in all subgroups and 225 

most probably resulted from slight changes in location of the electrodes relative to the 226 

main leg nerve. The basic responses of large amplitude 6A and 6B remained constant 227 

but these changes limited analysis of 6B small sensilla.  We therefore selected 4-5 228 

experiments in each species in which recordings were the most stable and identification 229 

by spike amplitude the most reliable through the entire repeated application of the 230 

torque stimuli   However, unit identification was also limited by spike superposition at 231 

higher rates and amplitudes of force application (see Discussion, Limitations to the 232 

methods of this study).  233 

Morphology 234 

   Scanning electron micrographs were taken of the isolated tibiae of the middle legs of 235 

newly molted animals using a Hitachi S450 microscope (techniques in 15).   236 

Data storage and analysis 237 

   Data on firing rates and forces were analyzed using Spike 2 scripts. Action potentials 238 

were identified as small or large amplitude using CED Spike 2 software functions 239 

(sorting or by custom window discriminator scripts). For further analysis, spike 240 

frequencies and forces were resampled in bins of 20, 10 or 5 msec duration. The 241 

highest sampling frequency was used to plot and calculate the latencies of onset of 242 

sensory bursts vs. force. For plots, the rate of change of force was calculated directly 243 
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from the recorded force (without filtering) in Excel software.  Statistical tests were 244 

performed and plotted in Sigma plot (Systat software) and SPSS (IBM). 245 

Results     246 

1. Variability in femoro-tibial joint torques is not reflected in comparable 247 

variability in femoro-tibial joint angles  248 

   In walking stick insects, torques at the femoro-tibial joint are quite variable and can 249 

show changes in sign (flexor vs. extensor; Fig. 1E, F). These variations in torques could 250 

potentially be associated with fluctuations in the femoro-tibial joint angle, which can 251 

occur in free walking stick insects (27, 28).  Figure 2A shows plots of the joint torques 252 

and femoro-tibial joint angles for the stance phase of each of the steps examined in this 253 

study.  In many steps, changes in joint torque were not associated with variations in 254 

joint angle, even when the changes in torque were >50% of the maximum value (ex. 255 

Step 2).   In some steps, variations in torque values were accompanied by parallel 256 

changes in femoro-tibial joint angles (ex. Step 8) but the magnitude of the angular 257 

deviation was usually small in comparison to the size of torque fluctuations.   258 

   While variations in torques within the stance phase were not associated with 259 

comparable changes in femoro-tibial joint angle, we did find that the directions of joint 260 

torques (flexion vs. extension) were associated with different ranges of joint angles. 261 

Figure 2B is a histogram which plots the mean femoro-tibial joint angle for steps with net 262 

extensor and net flexor torques. Flexor torques tended to occur in steps in which the 263 

mean joint angle was in ranges of extension (>90 degrees) while steps with extensor 264 

torques tended to occur in ranges of joint flexion (<90 degrees).  The joint torques would 265 

therefore act to oppose the effects of body weight on the leg (see diagram in Fig. 2B).     266 
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2. Femoro-tibial joint torques most closely reflect vertical ground reaction forces 267 

(Fz)  268 

   When stick insects walk on a horizontal substrate, torques at the femoro-tibial joint 269 

provide support of body weight but also generate braking and propulsive forces, as well 270 

as providing lateral stability (19).  We examined whether the femoro-tibial joint torques 271 

were associated with specific ground reactions forces (Fig. 3A).  The highest correlation 272 

was found between the femoro-tibial joint torques and the vertical ground reaction 273 

forces (Fz).  Figure 3B contains plots of the femoro-tibial joint torques and the vertical 274 

forces exerted on the force plate for each of the 8 steps examined in the present study 275 

and shows the general similarity in time course and magnitude of the torques and Fz 276 

forces. Figure 3C (upper left) is a plot of the averaged torques in all steps (normalized 277 

for direction) and the Fz force and shows that the relationship was consistent and 278 

independent of the torque direction. To further quantify the effects, we plotted the 279 

average magnitude of normalized joint torques vs the average ground reaction forces 280 

for each direction (Fig. 3C; Fz, upper right; Fx, lower left; Fy lower right).  The vertical 281 

force (Fz) showed the highest correlation (linear regression, r² = 0.94) while the 282 

relationship with other forces was complex and no direct correlation was apparent (Fx, 283 

r² = 0.013, Fy, r² = 0.001).  Figure 3D contains power spectra (Fourier transforms 284 

generated in Spike 2 software) of the waveforms of the individual steps and shows that, 285 

although slow frequencies predominate, there are inflections from the combined effects 286 

of these forces at moderate rates. These data support the idea that the forces at the 287 

femoro-tibial joint resist the effects of gravity, depending upon the position of the tibia, 288 
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although transient variations in torque could be associated with forces in other 289 

directions (see also 19).  290 

3. Characteristics of sensory discharges to flexion torques 291 

   Application of torque waveforms was highly effective in activating the tibia 292 

campaniform sensilla.  Fig. 4 shows recordings of sensory discharges to each of the 293 

flexor torque waveforms used in the present study (Steps 5-8 Flexion torques).  In all 294 

tests, forces were applied as dorsal bending of the distal tibia (as occurs to resisted 295 

contractions of the tibial flexor muscle) with movement resisted at the femoro-tibial joint.  296 

Sensory discharges were discontinuous and often occurred as 3-4 bursts in a single 297 

torque test (overall stimulus duration was 0.8 seconds).  Sensory responses in the 298 

subgroups of sensilla were strictly directional: 6B sensilla (large amplitude units – dark 299 

blue histograms, all units – light blue) responded to increases in flexor torques in all 300 

animals (N = 30 animals) while 6A receptors (red histogram) fired, most often, only 301 

during the final period of force decline, although single action potentials could occur to 302 

some transient force decreases.    303 

   Identification of activities as being derived from subgroups 6A or 6B was determined 304 

by selective ablation of the sensillum cap (Fig 4B, C).  The tibial subgroups in stick 305 

insects are spatially separated, permitting ablation of the more distal 6B subgroup 306 

without damage to 6A receptors.  Tests applied after ablation confirmed that 6B 307 

discharges had been eliminated while firing of the 6A receptors persisted, but could be 308 

eliminated by subsequent cap ablations in the proximal tibia.   309 

   In many recordings, units of larger and smaller amplitude could be distinguished in 310 

discharges of 6B receptors, although discrimination of units according to extracellularly 311 
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recorded amplitude was not consistently possible for 6A sensilla. The larger 6B units did 312 

not uniformly increase their discharge frequency during the initial rising phases of torque 313 

waveforms but fired in bursts that followed the small fluctuations in force level (Fig. 4D, 314 

F), even during waveforms that gradually and continuously increased (resembling 315 

prolonged ramp functions, Fig. 4E). In addition, intense increases in firing occurred to 316 

larger transient force increases even after forces had reached maximum levels and the 317 

sensory discharges had apparently adapted to the sustained force (Fig. 4F).   However, 318 

transient force decreases produced complete inhibition of sensillum firing, even when 319 

they occurred during periods in which forces were generally increasing to high 320 

sustained levels (Figs. 4A, D).     321 

   Analysis of smaller 6B sensory units was limited by spike overlap with larger units in 322 

the multiunit recordings.  Activities of those sensilla were studied by evaluating all 323 

sensory activities above a threshold set to the amplitude of small units.  Plots of firing of 324 

all sensilla (light blue histograms in Fig. 4) showed more sustained activities than seen 325 

in large sensilla.  However, sensory discharges did not simply reflect force levels and 326 

often ceased during transient force decreases.   327 

   Analysis of pooled data clearly indicated the relationship between sensillum firing and 328 

the rate of change of force (dF/dt).  Figure 5 contains histograms of the mean firing of all 329 

sensilla, the mean force and the rate of change of force (as calculated from the mean 330 

force measured during the tests) for each of the torque profiles (number of tests n = 331 

total 603 in N = 4 animals; A, step 6 158 tests; B, step 7, 138 tests; C, step 8 181 tests, 332 

D step 5, 126 tests). For clarity, the rate of change of force is also overlaid on the 333 

histogram of 6B large firing.   In all tests, the peaks in bursts of 6B sensilla indicated 334 
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increases in the rate of change of force.  Firing of 6B large sensilla ceased when the 335 

rate of change of force declined, even transiently. 336 

4. Sensory discharges to the mean femoro-tibial joint torque and extensor 337 

torques of individual steps  338 

   Responses of tibial campaniform sensilla were tested using application of the 339 

calculated mean femoro-tibial joint torque, which showed a small net value in extension 340 

(19; Fig. 1E this paper), as well as individual steps (Steps 1-4) that occurred as 341 

extensor torques that varied from the mean.  Fig 6A shows a sample recording of 342 

activities of tibial campaniform sensilla and Fig. 6B pooled responses (n = 199 tests, N 343 

= 3 animals) to application of the mean torque. Figures 6C-F show pooled data for 344 

different individual steps (total number of tests n= 609, N = 3 animals; C Step 1, 134 345 

tests; D Step 2, 153 tests; E Step 3,144 tests; F Step 4, 178 tests). Responses of 346 

subgroups to all extensor torques were directional but opposite to that seen for flexor 347 

torques: Group 6A sensilla discharged to the torque increase in the direction of 348 

extension and 6B receptors fired when the torques decreased. Firing of 6A receptors 349 

did not simply reflect the force level but was highly sensitive to increases in the rate of 350 

change of force. While application of the mean torque waveform produced a simple 351 

discharge pattern that was maximum after the onset of force application and then 352 

declined, firing in single steps occurred as repetitive of bursts that were associated with 353 

small or large transient increases in the rate of change of force (Figs 6 C-F). Discharges 354 

ceased during periods of decrease of small (Figs 6C, E) and larger magnitude (Fig. 6D, 355 

F) even when they occurred during sustained levels of force. Group 6B receptors 356 

discharged to the force decline at the end of the stimulus but firing occurred to transient 357 
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force decreases that were sufficiently large (Fig 6D) or rapid (Fig. 6C).  Thus, utilization 358 

of torque waveforms from single steps showed that the sensilla could monitor changes 359 

in forces throughout the stance phase and vigorous discharges were not merely limited 360 

to the period immediately following stimulus (stance) onset, as was elicited by 361 

application of the calculated mean torque.   362 

5. Sensory discharges encode the rate of change of force increases but firing is 363 

suppressed during transient force decreases  364 

   Data on discharges of campaniform sensilla to torque waveforms were pooled and 365 

analyzed to evaluate the consistency of encoding of dF/dt.  Figures 7A and B plot the 366 

mean firing frequencies of 6B large (Fig. 7A) and all 6B (Fig. 7B) sensilla at different 367 

rates of change of force (flexion torques). These data are derived from the same tests 368 

as Figures 5 and 6 (n = 603 tests, total N=4 animals). Each point represents the mean 369 

value (sampling interval 20 msec) of firing and rate of change of force and individual 370 

steps are indicated in different colors.  These plots indicate some dispersion of values 371 

but discharges of 6B sensilla occur predominantly during the periods of increasing force 372 

(positive dF/dt) while firing is significantly decreased or ceases completely during force 373 

decreases. Discharges during intervals of force decreases are more frequent when 374 

smaller units are included (Fig 7B), consistent with their higher tonic sensitivity. Figure 375 

7C is a histogram of pooled data of 6B discharges from all tests showing that there is 376 

strong overall correlation between sensillum firing and dF/dt (regression calculated for 377 

positive values of dF/dt: r2 = 0.98 for 6B large and all 6B sensilla). Furthermore, the 378 

effect of inclusion of smaller units is to increase the discharge frequency of the group as 379 

a whole without changing the relative sensitivity to force dynamics (6B large slope = 8.1, 380 
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6B all slope = 8.2).  These sensitivities of 6B receptors to the rate of change of force are 381 

also indicated in tests of using ramp and hold functions (Fig. 7D; see also 15): firing of 382 

smaller units reflects the rate of change at very low forces but responses begin to 383 

saturate at moderate rates of dF/dt.  Figures 7E and F show plots of firing of group 6A 384 

sensilla at different rates of change of force from individual tests (Fig. 7E) and pooled 385 

data (Fig. 7F) from tests of application of extensor torques (n =609 tests, N=3 animals).  386 

Receptor discharges again occur predominantly during periods of force increase and 387 

firing is greatly reduced by transient force decreases (regression calculated for positive 388 

dF/dt: r2 = 0.92). These data indicate that signals from campaniform sensilla are 389 

strongly correlated with the rate of change of torque increases that could occur during 390 

walking.    391 

6. Force encoding of amplitude is history dependent and shows hysteresis  392 

   Data from all tests were also analyzed to determine the effects of force magnitude on 393 

sensillum discharges. Figure 8A plots the firing frequencies of all 6B sensilla vs. force 394 

magnitude for stimuli that mimicked flexion torques.  There is no linear correlation but 395 

the data appear to generally form a ring.  We therefore analyzed the relationship 396 

between sensillum firing and force level as a temporal sequence.  Figure 8B shows that 397 

the mean force that was applied in all tests of flexor torques first increased, then varied 398 

and finally declined.  Plots of the mean firing frequencies of all 6B sensilla vs force in 399 

the sequence of their occurrence in tests (Fig 8C left) formed rings indicative of 400 

hysteresis in encoding of force level.  Similar analysis of responses of 6A sensilla to 401 

extension torques (Fig. 8C right) also showed hysteresis rings but data for some steps 402 

(ex. shown Step 2) were complicated by the larger variations in torques, which could 403 
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rise and decline repeatedly within a test, producing multiple hysteretic rings.  Figure 8D 404 

is a similar plot for 6B large sensilla with data sampled at two intervals (0.02 and 0.01 405 

sec intervals) that showed similar hysteresis at both sampling rates.  We also examined 406 

the effect of sampling data at higher rates (0.005 sec bins, Figs. 8E, F) which permitted 407 

analysis of the latency of onset of discrete sensory bursts.  Sensillum firing was initiated 408 

during the rising phase of dF/dt in all tests at short latency (mean latency = 14.5 msec 409 

+/- 2.8, N = 5 animals, n = 312 bursts).  410 

7. Responses of tibial campaniform sensilla in Medauroidea stick insects 411 

   Activities of tibial campaniform sensilla in middle legs of Medauroidea stick insects 412 

were also recorded to application of the torque waveforms (Figure 9).  Despite the 413 

difference in their size and mass (25), similar patterns of discharge were seen in both 414 

species (Fig. 9A) although response frequencies were lower in 6B large sensilla in 415 

Medauroidea than in Carausius to equivalent forces (6B small sensilla could not be 416 

consistently analyzed in Medauroidea).  Application of waveforms of flexor torques of 417 

single steps (Fig. 9B) also showed similar patterns of bursting that closely reflected the 418 

rate of change of force (dF/dt).  Measurements of the latencies of burst onsets to 419 

increases in dF/dt (from pooled data sampled at a high rate, bin .005 sec) demonstrated 420 

that 6B sensory discharges were initiated during the rise phase of force at relatively 421 

short latency (mean 17.5 msec +/- 2.8 msec, N = 4 animals; n= 186 tests).  Figure 9D is 422 

a summary plot of pooled data of discharges of 6B large sensilla to all imposed flexor 423 

torques in both species.  Firing frequencies reflected the rate of change of force but the 424 

slope (gain) was higher in Carausius than in Medauroidea. Current experiments are 425 
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examining whether this difference in sensitivities is correlated with the larger size of 426 

Medauroidea stick insects.   427 

8. Effects of increasing force amplitude on sensory encoding of joint torques  428 

   Insects can use sensory information to make rapid adjustments in walking to 429 

loss/damage of a single leg that increases body load supported by the remaining legs 430 

(29).  We addressed the problem of variable distribution of body load by studying the 431 

effect of progressively increasing the magnitude of torque waveforms.  Figure 10 shows 432 

sensory discharges obtained from application of the flexor torque of Step 5 at different 433 

maximum amplitudes (Fig 10A; n = 115, N = 1 animal, Carausius).  The peak force (Fig. 434 

10B) was progressively increased from 0.57 to 2.8 mN which also resulted in an 435 

increase in the rate of change of force (Fig. 10C).  As in other tests, discharge 436 

frequencies of 6B large sensilla closely reflected increments of dF/dt (Fig 10D).   Firing 437 

was similarly modulated when sampling included smaller sensilla (Fig. 10E), particularly 438 

in tests at higher force amplitudes, which also raised the overall firing frequency.   439 

Figure 10F plots the discharge of all 6B sensilla vs. dF/dt in all tests: despite noticeable 440 

spread in data at low rates of change, similar sensitivities and encoding were obtained 441 

in tests at higher force amplitudes (Force/slopes of regression: 0.57 mN/24.3; 1.1 mN 442 

/18.3; 1.8 mN/12.3; 2.3 mN/11.2, 2.8 mN/9.9), similar to the findings of previous studies 443 

on the effects of force magnitude on rates sensitivity.  Fig 10G is a plot of the mean 444 

firing frequencies averaged over the entire duration of each test.  Despite the variability 445 

due to sensitivity to the force rate, when averaged over time the discharges of the 446 

campaniform sensilla reflect the overall force magnitude. 447 
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9. Replicating the effects of joint torques on adaptation using mechanical stimuli 448 

with exponential rates of increase  449 

   Our previous study (18) showed that application of forces using torque waveforms 450 

could substantially reduce motor adaptation seen to conventional ramp and hold 451 

waveforms.  Analysis of torque waveforms suggested that the onset of adaptation was 452 

delayed due to the sustained period of increase in dF/dt.  To replicate the initial 453 

component of the torque waveforms in the present study, we recorded activities of 454 

campaniform sensilla while applying waveforms with exponential rates of increase that 455 

reach a force maximum after varying times (Fig. 11A, B).  Figure 11C is a plot of the 456 

rate of change of force and Figure 11D is a similar plot of the discharges of 6B large 457 

sensilla during these tests (n = 622 tests, in N = 3 animals). We also examined whether 458 

the time of onset of adaptation was related to the time of maximum force. The adapted 459 

firing frequency was determined by averaging the sensory firing in the last 25% of the 460 

hold phase except waveform 4 (the most gradual rise) which was 15% of the hold 461 

phase.  The time of adaptation was determined as the temporal occurrence of the first 462 

bin equal to that value (that was not followed by an increase in the average value of the 463 

succeeding (1-3) bins).  These experiments showed that there was a strong correlation 464 

between the time of attainment of peak force (dF/dt = 0) for each waveform and the time 465 

of onset of adaptation of the sensory discharges (Fig. 11E). Plots of the firing frequency 466 

vs. dF/dt were similar to those obtained with torque waveforms in showing discharges 467 

during the rising phase that immediately ceased when forces declined (Fig 11F).  These 468 

findings suggest that one effect of torque waveforms is to produce graded changes in 469 
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force signals that could contribute to the smooth and continuous modulation of motor 470 

activities in walking.      471 

Discussion 472 

   The goals of the present study were to characterize encoding of ‘naturalistic’ forces by 473 

tibial campaniform sensilla in order to evaluate the types of information they provide and 474 

gain insight into their potential functions in walking.  We refer to the stimuli using 475 

waveforms of joint torques as ‘naturalistic’ because they are based upon measurements 476 

made in freely moving animals, in contrast to waveforms used in many studies. We 477 

utilized the torques of the femoro-tibial joint of stick insects as mechanical stimuli as 478 

they showed considerable variability in animals that walked freely on a horizontal 479 

substrate, including changing torque direction from extension to flexion. Analysis of 480 

kinematics and ground reaction forces showed that the sign (direction) of the torque 481 

was related to the angular range, while the magnitude of the torque most closely 482 

reflected the gravitational vector (Fz) and, potentially, the distribution of body load 483 

among the legs. Analysis of sensory discharges confirmed that the system is particularly 484 

sensitive to the rate of change of forces and can rapidly signal torque increments.  485 

These findings are discussed below in the context of a model in which force detection 486 

can aid in adjusting ongoing muscle contractions while the system produces requisite 487 

leg movements.   488 

1. Joint torques and variability of forces at the stick insect femoro-tibial joint 489 

   Campaniform sensilla encode strains in the exoskeleton and some groups of 490 

receptors effectively monitor the net forces generated by resisted contractions of groups 491 

of muscles acting at a joint, which can be calculated as the joint torque (12, 18, 30).   492 
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Dallmann et al. (19) measured the ground reaction forces and joint movements in stick 493 

insects walking on a horizontal substrate and calculated the torques at the major 494 

intrinsic leg joints.  That study showed that torques are functionally segregated: the 495 

largest torques were generated in support and propulsion at the proximal, coxo-496 

trochanteral joint, while smaller torques occurred at the leg joint with the body (thoraco-497 

coxal) and the more distal ‘knee’ (femoro-tibial, FT) joint.   498 

   While the mean joint torques at the femoro-tibial joint were relatively small, there was 499 

considerable variation both in the sign (direction) and the magnitude of torques, as also 500 

occurs in other insects (31) and in the human knee joint in walking (see data of 32, 33).  501 

Previous studies have shown that the middle legs of insects are used flexibly and can 502 

exert ‘braking’ or propulsive force in walking (34, 35), as well as contributing to turning 503 

movements (36) and lateral stability (37). Our analysis of steps with the largest 504 

variations (in the absence of external perturbations or changes in the direction of 505 

progression) showed that, when walking on a horizontal substrate, torque variability 506 

within the stance phase was not consistently associated with comparable changes in 507 

joint angles. In these steps, parallel inflections could be seen in plots of both variables 508 

but the relative magnitude of change in joint torques was much larger than variations in 509 

joint angles (Fig. 3) and in many steps no comparable changes occurred. Relative 510 

constancy of kinematics and variability in kinetics also occurs in stick insects walking on 511 

inclined surfaces, although the average magnitudes of torques at the femoro-tibial joint 512 

are larger when traversing non-horizontal surfaces (38). The direction of torques was 513 

related to the ranges of joint angles of the femoro-tibial joint during stance, as flexor 514 

torques were generated when the joint angle was in ranges of extension, extensor 515 
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torques in ranges of joint flexion.  These forces would act to stabilize the joint and 516 

counter movements toward the extremes of joint angle (19) and similar relationships 517 

have been shown in the human knee joint (39, 40).  518 

   Evaluation of the ground reaction forces indicated that magnitudes of the femoro-tibial 519 

joint torques in steps with large variations were most consistently correlated with the 520 

vertical force (Fz), which reflects the force of gravity and supportive functions of the 521 

middle legs on a horizontal substrate (41, 42; humans - 43).  Torques of some individual 522 

steps could show variations (ex. Fig 3B, step 8) that were correlated with other vectoral 523 

directions but these effects were not consistent or predominant.  The major source of 524 

torques in the legs of many animals is derived from the body mass and the distribution 525 

of the resultant forces among the legs depends upon the gait (34, 44).  In slow walking, 526 

gaits of many insects are not fixed but based upon a metachronal pattern (posterior to 527 

anterior sequence of leg lifting) that can result in a variable number of legs providing 528 

support (45, 46).  The magnitude of the force variations can also depend upon walking 529 

speed: In more rapid walking and slow running, the pattern approaches a tripod gait in 530 

which a middle leg provides all the support of body weight on one side. The correlation 531 

between variations in joint torques and vertical ground reaction forces was unexpected 532 

given its lateral location and functions in determining walking direction. However, the 533 

data on ‘outlier’ steps support the idea that the FT joint acts to stabilize the body to 534 

resist the effects of gravity while large forces are exerted (ex. in propulsion) by muscles 535 

acting at the coxo-trochanteral joint (19). 536 

2. Sensory discharges to joint torques 537 

Downloaded from journals.physiology.org/journal/jn at West Virginia University (132.174.253.065) on June 10, 2021.



24 

 

   The tibial campaniform sensilla responded vigorously to forces imposed on the leg 538 

using the profiles of femoro-tibial joint torques.  As in previous studies in restrained 539 

preparations (15), responses of the subgroups of receptors were directional: 6B sensilla 540 

discharged to force increases in the direction of joint extension and force decreases 541 

toward flexion, while 6A receptors showed opposite directionally sensitivity.  The tibial 542 

sensilla also encode forces generated by resisted muscle contractions with the same 543 

directionality (16). The patterns of activities found in stance in ‘single leg stepping’ were 544 

similar to that seen to flexion torques in the present study: 6B sensilla fired to force 545 

increases while 6A receptors discharged at the end of stance prior to leg lifting in swing 546 

(16; 47).  Similar patterns of activity were also found in the subgroups of tibial sensilla of 547 

cockroaches both in free walking animals and in preparations ‘walking’ on slippery 548 

surfaces (48).  These findings reflect the activation of the flexor muscle early in stance 549 

to support body weight in upright walking in both species (49-52; see also 47 in locusts).  550 

3. Use of ‘naturalistic’ stimuli reproduces characteristics of sensory discharges 551 

reflecting load transfer among legs in freely walking insects 552 

   A major feature of discharges of tibial campaniform sensilla to ‘naturalistic’ torque 553 

stimuli was their sensitivity to fluctuations in forces (53, 54).  In many tests of flexor 554 

torques, firing of large 6B receptors occurred as a series of bursts while discharges of 555 

smaller 6B receptors showed strong modulation of firing frequency. Similarly, 6A 556 

sensilla typically discharged in bursts to extensor torques, even at high levels of 557 

sustained forces.  Analysis of these data showed that sensory firing closely reflected the 558 

rate of change of force (dF/dt) and pooled data indicated significant correlation of 559 

discharge frequencies and the rate of force application.  A number of studies have 560 
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shown that campaniform sensilla, like Golgi tendon organs of vertebrates, are highly 561 

sensitive to and encode force dynamics (55, 56), as are many other mechanoreceptors 562 

(57). In addition, another factor that could contribute to sensory ‘bursting’ rather than 563 

continuous discharge is the relatively small magnitudes of the femoro-tibial joint torques. 564 

We evaluated the effects of force magnitude by varying amplitude of single torque 565 

waveforms: these tests showed that spike rate increased but the dependence upon 566 

dF/dt persisted, as did cessation of firing during periods of –dF/dt. 567 

   Furthermore, discharges of tibial campaniform sensilla to imposed ‘naturalistic’ joint 568 

torques showed many characteristics that closely resemble sensory activities recorded 569 

in freely walking insects. While recordings of campaniform sensilla have not been 570 

obtained from free walking stick insects (due to technical problems of crosstalk and the 571 

narrow diameter of legs segments), discharges of tibial sensilla have been extensively 572 

recorded in free moving cockroaches (48, 58, 59).  Those recordings show substantial 573 

fluctuations in firing frequencies during individual steps in stance and often occur as 574 

repetitive bursts within intervening silent periods.  This variability was not quantified in 575 

previous studies, which did not record ground reaction forces, and it is not apparent in 576 

pooled or averaged data but was found in steps in all recorded sequences.  In contrast, 577 

discharges recorded in stepping with body weight supported (which eliminates or 578 

minimizes the effects of load transfer among legs) showed much more uniformity and 579 

smaller variations in sensory firing frequency (48).  Further studies are planned to 580 

quantify the effects of load transfer, but the present findings support the idea that a 581 

major source of variability of sensory discharges to joint torques reflects forces exerted 582 

by other legs in support and propulsion in free walking animals.    583 

Downloaded from journals.physiology.org/journal/jn at West Virginia University (132.174.253.065) on June 10, 2021.



26 

 

4. Importance of dF/dt in walking: forces are dynamic and there is no ‘static’ hold 584 

phase 585 

   Our studies showed that the tibial campaniform sensilla of both larger and smaller 586 

amplitude potentials effectively encode the rate of change of force increase (dF/dt) to 587 

‘naturalistic’ torque stimuli. Sensitivity to dF/dt was pronounced in the torque waveforms 588 

that were derived from ‘outlier’ steps but also occurred to application of the calculated 589 

mean torque waveform.  In addition, almost all torque waveforms showed graded 590 

variations in force through the stance phase and did not (or only briefly) achieve a 591 

‘static’ level.  Thus, the predominance of dynamic sensitivity simply reflects the fact that 592 

the forces occurring during walking are changing throughout the stance phase. Some of 593 

the variation is ‘masked’ in calculation of the mean torque but is particularly apparent 594 

when ‘naturalistic’ waveforms of single steps are applied that retain force variations.   595 

In our previous study we noted that sustained positive values of dF/dt in joint torques 596 

could delay adaptation of motor discharges (18). In the present study, we replicated the 597 

initial rising phase of naturalistic torque stimuli using exponential functions that gradually 598 

achieved a static level after variable intervals.   These tests showed that sensory 599 

discharges were elevated for the entire period in which forces were increasing and that 600 

there was no discrete or abrupt transition to a tonic level as occurs in tests using ramp 601 

and hold functions. Even slow rates of change in exponential functions receptors 602 

maintained elevated firing frequencies and delayed the onset of adapted firing when 603 

compared to ramp and hold stimuli.  Ramp and hold waveforms have been valuable in 604 

evaluating and discriminating components of sensory discharges that encode the level 605 

or rate of change of the stimulus.  However, the functions are discontinuous and can be, 606 

Downloaded from journals.physiology.org/journal/jn at West Virginia University (132.174.253.065) on June 10, 2021.



27 

 

in a sense, misleading as they do not accurately replicate the smooth transitions and 607 

lack of a completely static hold phase that occur normally in behavior. 608 

   Signals of force dynamics are now considered to play an integral role in control of 609 

posture and locomotion (11) and regulation of force dynamics may underlie the 610 

symptoms of some neurological disorders (e.g., spasticity, 60).  While dynamic 611 

sensitivities might apparently compromise the system’s ability to ‘calculate’ body weight, 612 

signals of force are consistently used convergently with other proprioceptive signals in 613 

detection and compensation for load (9, 62, 63), in agreement with the early suggestion 614 

by Jami (10).  Last, as we noted in tests of torque waveforms applied at different levels 615 

summing the afferent signals over time clearly reflected the force magnitude (the 616 

integral of dF/dt is F).  While not extensively studied, filtering and summation of sensory 617 

signals may provide the nervous system with an indicator of body mass.   618 

5. Influence of past history and the control of skeletal muscle 619 

   In all tests in which forces were applied using naturalistic torque waveforms, 620 

campaniform sensilla showed substantial hysteresis in discharge frequency during 621 

intervals of force decrease, even when forces were applied at high levels.  Periods of 622 

complete cessation of firing were seen in sensilla with large extracellular amplitude and 623 

in small units that could encode force magnitude as they have tonic discharges even at 624 

low amplitudes.  Hysteresis has been previously demonstrated in restrained 625 

preparations in the tibial campaniform sensilla of stick insects and cockroaches and in 626 

trochanteral receptors of the stick insect (63) and has been noted in a number of other 627 

sensory systems (vertebrates: 64, 65 invertebrates: 66-70).  628 
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   The functions of hysteresis in discharges of sense organs are unclear but they may be 629 

adaptive and act to reduce residual tensions in leg muscles (3, 71).  A similar role for 630 

proprioceptive modulation of muscle tensions was postulated by Nichols and Houk (72) 631 

who suggested that ‘the main function of autogenetic reflexes may be to compensate for 632 

variations in the properties of skeletal muscle rather than to oppose changes in load’ 633 

(72). Many motor neurons show ‘plateau’-like responses in which discharges persist 634 

after excitatory inputs have decreased (73-76).  This property can generate persistent 635 

muscle tensions and the precipitous decrease in sensory receptors to decreases in 636 

force may serve to counter that effect. These effects may also depend upon filtering 637 

characteristics of responses in interneuronal encoding of force.  In locusts spiking 638 

interneurons show little hysteresis to proprioceptive inputs (77) while non-spiking 639 

interneurons which may reflect summed discharges, and potentially low-pass filtered 640 

versions of sensory discharges, can show substantial hysteresis to proprioceptive inputs 641 

(78).   642 

6. Limitations to the methods of this study 643 

   The requisite use of multi-unit recording to study encoding of forces at the rates and 644 

levels that occur during walking imposed limitations in data analysis of sensory 645 

responses (79).  While single units could be discerned by imposing forces at low levels, 646 

application of forces at the magnitude of the torques of freely walking animals could 647 

produce spike superposition, limiting analysis of spike frequencies at higher rates.  648 

Furthermore, measurements of discharge frequency were limited in accuracy by the 649 

presence of units with different sensitivities, as well as variations in stiffness of the 650 

cuticle (80). Binning of data decreased the effect of anomalous high frequencies when 651 
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spikes nearly coincided but limited analysis that could determine maximum sensory 652 

firing and correlate the phase of peak afferent frequencies with specific parameters of 653 

forces (53). Extending analysis to smaller bins (.005 msec) permitted examination of the 654 

latencies of onset of afferent bursts relative to the change in force (Figs. 8, 9).  These 655 

limitations could be addressed in future studies if the technical challenges of applying 656 

forces at high levels in preparations that permit recording of single sensilla can be 657 

overcome. It is also important to note that the goal of our experiments differed from 658 

other studies that tested whether sensory encoding of naturalistic stimuli differed from 659 

discharges to application of conventional waveforms (53). Our study sought to use 660 

naturalistic stimuli to gain insight into the parameters of forces that are signaled in 661 

walking of freely moving animals and the potential functions of force feedback.  The 662 

dynamic and static response properties of campaniform sensilla seen in our 663 

experiments are basically similar to many previous studies (17) and the fluctuations in 664 

the joint torques most often occurred at relatively slow frequencies. In addition, the 665 

complex features of force encoding, such as hysteresis, have recently been modeled in 666 

a study that reproduced many aspects of force transduction by campaniform sensilla 667 

(24).      668 

7.  Stabilizing distal joints while forces are exerted at proximal joints. 669 

   Our data support the idea that discharges of the tibial campaniform sensilla can aid in 670 

stabilizing the femoro-tibial joint in walking on a horizontal substrate, as proposed by 671 

Dallmann et al. (19).  Although the effects of forces on motor outputs have not yet been 672 

directly tested using torque waveforms in stick insects, previous studies have 673 

demonstrated that tibial campaniform sensilla have similar effects on motor outputs in a 674 
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number of insect species.  In stick insects, punctate stimulation of cuticular caps of 675 

individual 6B sensilla excited the slow tibial extensor motor neuron while stimulation of 676 

6A receptors inhibited extensor firing (15).  These effects on extensor motor neurons in 677 

stick insects have been confirmed using bending forces applied to the tibia (81).  The 678 

same effects on extensor firing were found by cap stimulation of the subgroups of tibial 679 

campaniform sensilla in cockroaches, which also demonstrated reciprocal influences on 680 

activities of the tibial flexor muscle (82), as has been reported for locust tibial 681 

campaniform sensilla (47).   682 

   These effects of sensillum activation could dynamically adjust motor outputs to 683 

counter the torque variations: flexor torques which excite 6B receptors should increase 684 

the probability of activation of the extensor, while extensor torques would tend to inhibit 685 

extensor and potentially activate flexor motor neurons. The effect of sensillum firing 686 

would be to enhance the activities of muscles to stabilize the joint (83).  In cockroaches, 687 

these effects were consistent with the patterns of motor activation seen in walking: 688 

flexor muscle firing after stance onset elicited discharges of the proximal tibial sensilla 689 

which enhance extensor firing (48, 58).  In addition, while the effects of force inputs at 690 

the coxo-trochanteral have been shown to ‘reverse’ and amplify muscle contractions in 691 

‘active’ stick insects (30, 84), similar tests have not been able to demonstrate reflex 692 

reversals in motor effects of the tibial campaniform sensilla.      693 

   In stick insects, these motor effects could contribute to co-contraction of the tibial 694 

flexor and extensor muscles in the stance phase of walking.  Periods of co-activation of 695 

tibial muscles in walking are evident in myographic recordings of tibial muscles of the 696 

middle legs in stick insects (51) and cockroaches (49, 58).  In addition, the period of co-697 

Downloaded from journals.physiology.org/journal/jn at West Virginia University (132.174.253.065) on June 10, 2021.



31 

 

contraction in cockroaches was demonstrated to depend upon sensory feedback, as it 698 

was absent in denervated preparations that showed purely reciprocal motor bursting in 699 

tibial muscles (49).  Co-activation of muscles is widely seen in walking and other 700 

behaviors in vertebrates although the contribution of sensory feedback to co-contraction 701 

has not been extensively investigated (85-87). However, force feedback is now 702 

considered to be context dependent and to enhance or stabilize motor outputs at 703 

different joints depending upon the anatomical location of the receptors and behavior of 704 

the animal (9, 88). The present study suggests that sensory inputs that signal force may 705 

be adaptively used in natural behaviors of both invertebrates and vertebrates to similar 706 

advantage.  707 
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Figure Legends 1039 

Figure 1 – Preparation and torque waveforms - A. Sensory encoding of torques of 1040 

the femoro-tibial (FT) joint was studied in the middle legs of stick insects (red arrows). 1041 

B. Left - Diagram of a campaniform sensillum. Forces are encoded via cuticular strains 1042 

transmitted to the cuticular cap. Right - Scanning electron micrograph (SEM) of tibia 1043 

(see Fig 1A for orientation). Tibial campaniform sensilla consist of two spatially 1044 

separated subgroups (6A and 6B).  C. High power SEM of Group 6B which contains 1045 

sensilla with large and smaller caps.  D. Preparation - Activities of the tibial 1046 

campaniform sensilla were recorded extracellularly in the femur while forces were 1047 

applied to the tibia using profiles of joint torques (movement resisted). E. Mean joint 1048 

torques - Mean torque at the FT joint during the stance phase of walking was calculated 1049 

by inverse dynamics (data from 19).  The values varied considerably (as indicated by 1050 

the standard deviations).  F. Torques of individual steps – Torques that had the 1051 

maximum averaged values in the directions of flexion and extension were selected and 1052 

these profiles were applied as stimuli to characterize sensory encoding in the present 1053 

study. 1054 

Figure 2 - Variability in joint torques and joint angles in single steps - A. Plots of 1055 

torques (blue) and femoro-tibial (FT) joint angles (red) in freely moving stick insects for 1056 

each of the steps used in the present study.  Variability in torques within a step was not 1057 

reflected in comparable variations in joint angles (although small parallel inflections 1058 

could occur).  B. Flexor and extensor torques tended to occur in different ranges of joint 1059 
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angles. Consistent with the findings of Dallmann et al. (19), joint torque direction was 1060 

generally related to the orientation of the tibia. Histogram (right) of mean joint angles in 1061 

which extensor and flexor torques occurred.  Extensor torques tended to occur in 1062 

ranges of joint flexion (<90 degrees), flexor torques in ranges of joint extension (>90 1063 

degrees) (All: n = 8 torque waveforms from N = 2 animals). 1064 

Figure 3 - Variability in joint torques and ground reaction forces in single steps - 1065 

A. Ground reaction forces - The study of Dallmann et al. (19) characterized the ground 1066 

reaction forces (Fz vertical, Fx horizontal forward, Fy horizontal transverse) when 1067 

insects stepped upon a force plate. B. Joint torques and Fz forces in individual steps – 1068 

Plots of joint torques and Fz ground reaction forces from individual steps show similar 1069 

patterns in many steps.  C.  Correlation of joint torques and ground reaction forces - To 1070 

compare the effects of different ground reaction forces, joint torques were normalized 1071 

(all positive) and averaged.  Plot of the mean joint torque and mean Fz force (upper left) 1072 

during the stance phase show similar profiles.   Plots of the magnitudes of mean joint 1073 

torques vs. mean ground reaction forces show a stronger correlation for Fz (upper right) 1074 

than for Fx (lower left) or Fy (lower right).  D. Power spectra of joint torques - Power 1075 

spectra (Fourier transform) of extensor (left) and flexor (right) torques of individual steps 1076 

were generated in Spike 2 software. Waveforms showed a predominance of slow 1077 

frequencies with some inflections at moderate rates. (All: n = 8 torque waveforms from 1078 

N = 2 animals). 1079 

Figure 4 - Sensory discharges to flexion torques and controls for group 1080 

identification – A. Activities of tibial campaniform sensilla during application of forces 1081 

using flexion torque waveforms – All recordings showed that multiple units were 1082 
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activated:  6B sensilla discharged during the rising phase of the stimulus.  Larger and 1083 

smaller units could consistently be identified. 6A receptors mainly discharged during the 1084 

period of slow decline of the stimulus.  B. Control for identification of sensory units. The 1085 

sensilla of Group 6B receptors were ablated without damaging 6A receptors, as the two 1086 

subgroups are spatially separated (SEM of tibia). C. Application of torque waveforms 1087 

after ablation of 6B sensilla (right) showed that discharges of 6B sensilla were 1088 

eliminated while 6A receptors continued to discharge to torque decreases.  Subsequent 1089 

ablation of 6A sensilla eliminated all recorded sensory activities (data not shown).  D.-F. 1090 

- See text for discussion of individual steps. 1091 

Figure 5 - Pooled data: sensory discharges reflect dF/dt in all tests using flexion 1092 

torques as stimuli. A-D – Plots of pooled data for individual steps.  In each plot, the 1093 

histograms show the mean frequency of sensory discharges (all 6B sensilla, light blue; 1094 

large 6B sensilla, dark blue; 6A sensilla red).  The upper plot shows the mean force and 1095 

the trace below is the rate of change of force (dF/dt) calculated from the force.  The plot 1096 

of dF/dt is also overlaid on the histogram of the large 6B sensilla, to indicate the 1097 

correlation between sensory firing and fluctuations in the rate of change of force.  (N = 4 1098 

animals, total number of tests (presentations of stimulus): n = 603 in; A, step 6 158 1099 

tests; B, step 7, 138 tests; C, step 8 181 tests, D step 5, 126 tests). 1100 

Figure 6 – Encoding of mean femoro-tibial joint torque and torques of individual 1101 

steps – A. The waveform of mean joint torque (see Fig. 1E) was applied to the distal 1102 

femur while recording activities of the tibial campaniform sensilla.  B. Pooled responses 1103 

to mean torques – Group 6A sensilla fired at very low level to the torque increase and 1104 

6B receptors discharge when torques declined. C-F. Application of waveforms of 1105 
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individual steps with extensor torques – Plots of pooled data from recordings of tests in 1106 

which extensor torque waveforms of individual steps were applied. 6A sensilla 1107 

discharged vigorously during periods of force increase, while 6B sensilla fired during 1108 

large or rapid force decreases. 6A sensilla closely followed the rate of change of force 1109 

(dF/dt; traces as in Figure 5) and did not simply reflect the force level. (B Mean Torque 1110 

N=3, n= 199 tests; C-F. N = 3 animals, total number of tests n = 609; C Step 1, 134 1111 

tests; D Step 2, 153 tests; E Step 3, 144 tests; F Step 4, 178 tests). 1112 

Figure 7 - Sensilla encode positive values of dF/dt – A-B.  Plots of firing frequencies 1113 

of 6B large sensilla (A) and all 6B sensilla (B) vs dF/dt in tests of application of flexor 1114 

torques (same data set as Fig. 5, n = 603 tests, N = 4 animals). Mean values of 1115 

individual steps are coded by color in each plot.  Positive values of dF/dt are on the 1116 

right, negative values (force decreases) are on the left.  Receptors discharged 1117 

vigorously to force increases but firing was significantly decreased during transient force 1118 

decrements despite the sustained high levels of force.   The regression lines were 1119 

calculated for dF/dt values > 0 for each test.   C. Pooled data of 6B firing. The histogram 1120 

plots the mean firing frequency of 6B large (dark blue) and all 6B (light blue) vs dF/dt in 1121 

all tests of flexor torques.  6B large sensilla are highly rate sensitive and the addition of 1122 

smaller receptors increases the firing frequency but does not change the slope (slope: 1123 

6B large = 8.09; 6B all = 8.28).  D. Rate sensitivity to application of ramp and hold 1124 

functions of varying rates of rise.  Within the range tested, the rate sensitivity to constant 1125 

rates of increase is similar to that seen in tests using the variable waveforms of joint 1126 

torques (n = 10 repetitions of 7 rates in N =1 animals, see also ref. 15, Fig. 7).  E. Plot of 1127 

pooled data of 6A firing frequencies during application of extensor torques similar to 7 1128 
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A, B. F. Histogram of mean firing of 6A sensilla during all tests (n = 609 tests, N = 3 1129 

animals). 1130 

Figure 8 – Time dependent hysteresis and response latencies – A.  Plot of the firing 1131 

frequencies of all 6B campaniform sensilla vs level of applied force for all tests applying 1132 

flexor torques: there is no linear correlation although the plot forms an apparent ring. B. 1133 

Mean change in force level of all flexor torques over time.  C. Time dependence - Mean 1134 

firing was calculated in the sequence of occurrence in tests of flexor torques for all 6B 1135 

sensilla (left and 6A receptors in tests of Step 2 extensor torques (arrows indicate 1136 

temporal sequence). Mean firing shows substantial time depended hysteresis. 1137 

Discharges of 6A sensilla show two loops as torques in Step 2 initially rose then 1138 

declined and subsequently increased again. D. Similar plot of 6B large receptors shows 1139 

a hysteresis loop at 2 sampling rates (bin 0.02 s - black line, bin 0.01 grey line).   E. Plot 1140 

of discharges of 6B large sensilla sampled at a high rate (bin = 0.05 s).  Bursts are 1141 

closely correlated with positive values of dF/dt (light blue line) that correspond to 1142 

increases in force (black line).  E. Response latency – The high sampling rate was used 1143 

to determine the latency of 6B firing during the rising phases of dF/dt (marked by gray 1144 

shading in (D).  Sensillum firing was initiated during the rising phase of dF/dt in all tests.  1145 

(A, B, C left, D N = 4 animals, n = 603 tests in; C.  right N = 3 animals, n = 609 tests; E, 1146 

F.  N = 5 animals, n = 166 tests).    1147 

Figure 9 - Responses of Tibial Campaniform Sensilla in Middle Legs of 1148 

Medauroidea Stick insects - A. Sensory discharges to torque waveforms.  Recordings 1149 

of tibial campaniform sensilla of middle legs in Medauroidea (left) and Carausius (right) 1150 

stick insects to application of the flexor torque waveform of step 6. In both species, 1151 
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Group 6B receptors fired in bursts to torque increases while 6A sensilla discharged to 1152 

large torque decreases. Larger forces were required to elicit discharges in Medauroidea 1153 

in comparison to Carausius (note difference in force scale), consistent with their larger 1154 

size and mass B. Pooled data of responses in Medauroidea. Histograms of firing 1155 

frequencies of 6B sensilla (dark blue bars) with overlaid line plot of dF/dt (light blue, 1156 

scaled to show only positive values) and force magnitude (black lines).  As in 1157 

Carausius, Medauroidea 6B sensilla fired in bursts that were closely correlated with 1158 

positive values of dF/dt.  C. Latency to 6B firing.  Data were sampled at a high rate (bin 1159 

= 5 msec, as in Figure 8D) and periods of discrete bursts were extracted.   Histogram of 1160 

mean sensory discharge (with S.D.) of 6B sensilla with line plots of dF/dt (light blue) and 1161 

the force during a period in tests of torque Step 6 (indicated by an asterisk in B Step 6).  1162 

The 6B large sensillum bursts are consistently initiated during the rising phase of dF/dt 1163 

(mean latency 17.5 msec +/- 2.8 S.D.) D. Summary plot of mean 6B firing frequencies 1164 

(+ S.D.) in different ranges of dF/dt. Discharges of large sensilla in Medauroidea and 1165 

Carausius encode the rate of change of force (regression r2 = 0.98 Medauroidea, r2 = 1166 

0.95 Carausius) but the slopes differ (Medauroidea, slope = 3.13, Carausius slope = 1167 

6.83).    (B. All plots: N = 4 animals; Step 5: n = 165 tests; Step 6: n = 186 tests; Step 7: 1168 

n = 165 tests; Step 8: n = 196 tests; C. N = 4 animals, n = 186 tests; D. N = 14 animals 1169 

n = 1554 tests). 1170 

Figure 10 - Effects of varying torque magnitude on encoding of force and dF/dt - 1171 

A. The waveform for flexor torque of Step 5 was applied at different amplitudes:  1172 

recordings of sensory encoding at peak force 1.1 of 2.8 mN (traces as in Fig. 4).  B. and 1173 

C. Plot of forces (B) and rate of change of force (C) for torques applied at different 1174 
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maximum amplitudes.   D.  Plots of discharge frequencies of 6B large sensilla closely 1175 

reflected positive values of dF/dt.   E. Plot of discharges of all 6B sensilla.   Firing was 1176 

similarly modulated in all 6B sensilla and addition of smaller sensilla raised the overall 1177 

firing frequency.  F.  Plots of sensory firing of all 6B sensilla vs dF/dt (similar to Fig. 7B).  1178 

Sensory discharges reflected the rate of change for force increase but firing was 1179 

suppressed during periods of force decrease.  G. Plot of mean frequency of firing of 6B 1180 

large (dark blue) and 6B all sensilla averaged in tests applied at different force levels.  1181 

The average discharge reflected the magnitude of the force. (D-G n = 115 total, mean 1182 

23 repetitions at each level N =1).   1183 

Figure 11 - Replicating components of naturalistic stimuli using mechanical 1184 

stimuli with exponential rates of increase – A.  Recordings of stick insect tibial 1185 

campaniform sensilla during application of forces using ramp and hold functions (left) 1186 

and waveforms that exponentially approached a maximum (middle, right). Histograms of 1187 

6B large sensilla (blue) show that the initial component of firing is prolonged to 1188 

exponential functions.    B. Plot of exponential waveforms.  Vertical lines indicate time of 1189 

attainment of maximum force. C. Plots of dF/dt for each of the waveforms in B.  D. Plots 1190 

of 6B firing frequencies to each wave forms.  Black lines indicate time of onset of 1191 

adapted discharge.  E.  Plot of time of onset of adapted discharges for each waveform.  1192 

Adaptation is delayed when positive dF/dt is prolonged.  F. Plot of sensory frequency 1193 

vs. dF/dt.  In all tests, sensilla encode the rate of firing to all positive values of dF/dt. (C-1194 

F.  N = 3 animals n = 622 tests; in F each point is the mean frequency at that rate). 1195 

 1196 

 1197 
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