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ABSTRACT: Force feedback could be valuable in adapting walking to diverse terrains 46 

but the effects of changes in substrate inclination on discharges of sensory receptors 47 

that encode forces have rarely been examined. In insects, force feedback is provided by 48 

campaniform sensilla, mechanoreceptors that monitor forces as cuticular strains. We 49 

neurographically recorded responses of stick insect tibial campaniform sensilla to 50 

'naturalistic' forces (joint torques) that occur at the hind leg femur-tibia (FT) joint in 51 

uphill, downhill and level walking.  The FT joint torques, obtained in a previous study 52 

that used inverse dynamics to analyze data from freely moving stick insects, are quite 53 

variable during level walking (including changes in sign) but are larger in magnitude and 54 

more consistent when traversing sloped surfaces.  Similar to vertebrates, insects used 55 

predominantly extension torque in propulsion on uphill slopes and flexion torques to 56 

brake forward motion when going downhill. Sensory discharges to joint torques reflected 57 

the torque direction but, unexpectedly, often occurred as multiple bursts that encoded 58 

the rate of change of positive forces (dF/dt) even when force levels were high. All 59 

discharges also showed hysteresis (history dependence) as firing substantially 60 

decreased or ceased during transient force decrements. These findings have been 61 

tested in simulation in a mathematical model of the sensilla (Szczecinski et al. 2021) 62 

which accurately reproduced the biological data.  Our results suggest the hypothesis 63 

that sensory feedback from the femoro-tibial joint indicating force dynamics (dF/dt) can 64 

be used to counter the instability in traversing sloped surfaces in animals and, 65 

potentially, in walking machines. 66 

250 words 67 

 68 
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NEW AND NOTEWORTHY 69 

Discharges of sensory receptors (campaniform sensilla) in the hindlegs of stick insects 70 

can differentially signal forces that occur in walking uphill versus walking downhill.  71 

Unexpectedly, sensory firing most closely reflects the rate of change of force (dF/dt) 72 

even when the force levels are high.  These signals have been replicated in a 73 

mathematical model of the receptors and could be used to stabilize leg movements both 74 

in the animal and in a walking robot. 75 

INTRODUCTION 76 

   Walking on sloped surfaces, the natural habitat for most terrestrial animals, requires 77 

adaptation of muscle activities to changes in the effects of gravity.  The adaptive 78 

changes in motor activities in walking on slopes were first precisely and elegantly 79 

characterized in cats (Smith et al. 1998; Carlson-Kuhta et al. 1998; Gregor et al. 2006; 80 

comparable studies in humans: Gottschall and Nichols 2011; DeWolf et al. 2019, 2020).  81 

In walking on uphill slopes, activities of extensor muscles at a number of leg joints are 82 

enhanced to push the animals upward and forward.  In traversing downhill slopes, the 83 

effects 'reverse' and flexor muscle activities are increased and operate in an eccentric 84 

mode to brake forward motion during flexor muscle lengthening.   85 

   Previous studies have also suggested that receptors monitoring forces in the legs 86 

contribute to these adaptations, potentially in diverse ways.  Recordings of muscle 87 

activities at the ankle in humans walking on a treadmill that could be tilted, showed the 88 

extensor muscle activities late in the stance phase of the step cycle were modulated by 89 

afferents that detected forces, potentially by a mechanism of positive feedback (Grey et 90 

al. 2007). Modeling and experimental studies in cats walking on pegs in sloped 91 
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walkways also suggested that Golgi tendon organs (which detect muscle forces and 92 

loads) were the primary source of sensory feedback affecting motor outputs at the ankle 93 

joint (Hatz et al. 2012).  However, studies that have examined multiple joints and 94 

intermuscular effects of force receptors have suggested that inhibitory feedback at 95 

some leg joints may also play a role in regulating whole limb mechanics (Lyle and 96 

Nichols 2018).    Thus, force feedback can have excitatory and inhibitory components 97 

that 'coexist in various combinations based on motor task' (Nichols 2018).  98 

   Studies in stick insects walking on sloped surfaces have shown remarkably similar 99 

motor adaptations to those found in vertebrates (Cruse, 1976a,b; Dallmann et al. 2019; 100 

review Büschges and Gruhn, 2020).  Stick insects can ascend or descend non-101 

horizontal substrates without major changes in the angular movements of most leg 102 

joints (Dallmann et al. 2019).  In contrast, measurements from force plates and 103 

recordings of activities in hindleg muscles in freely moving stick insects have shown 104 

extensive, joint-specific adaptations in walking on sloped surfaces: at the knee (femoro-105 

tibial joint) animals generate extensor forces that push the center of mass forward in 106 

uphill walking but exert braking (flexor) forces when traversing downhill slopes 107 

(Dallmann et al. 2019).  Comparable changes are seen in muscles at the junction of the 108 

leg and body (protractors-retractors) but activities at the intermediate coxo-trochanteral 109 

joint, which maintains body height above the substrate, were similar on all substrate 110 

slopes.  The basic similarities in motor strategies in diverse animals most likely reflect 111 

solutions to the common biomechanical problems of adapting legged locomotion to 112 

changes in the effects of the gravitational vector.   113 
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   Few studies have directly examined activities of sense organs that could detect these 114 

changes in forces in sloped walking in freely moving animals. Recordings of tendon 115 

organ afferents in cats walking freely on horizontal surfaces indicate that they signal 'a 116 

dynamic, non-linear function of whole muscle force over a range encompassing 117 

movements involving very low to very high force levels' (Appenteng and Prochazka, 118 

1984; Roll et al. 1989). Modeling studies suggest that force levels can be calculated in 119 

the central nervous system by summing the ensemble discharge of tendon organs 120 

(Mileusenic and Loeb 2009), but this has not been confirmed by data from walking 121 

animals.  In contrast, earlier studies suggest that the dynamic sensitivities of Golgi 122 

tendon organs should predominate during walking in some muscles (Jami 1992) and 123 

calculation of force levels would require the temporal integration of sensory signals over 124 

time in the central nervous system.   125 

   In insects, forces generated by and acting upon the legs are monitored by 126 

campaniform sensilla (Dickerson et al. 2021).  Activities of tibial campaniform sensilla 127 

recorded in freely moving cockroaches show considerable dynamic sensitivities, 128 

although forces were not directly measured in those studies (Zill and Moran 1981; Noah 129 

et al. 2004).  Responses of tibial sensilla in the middle legs of stick insects were studied 130 

using forces that replicated joint torques of freely moving animals walking on level 131 

surfaces and suggested that receptors strongly encode force dynamics (Ridgel et al. 132 

2001; Zill et al. 2021).  However, it was not clear how the receptors would discharge to 133 

higher levels of forces necessary in traversing sloped surfaces.   134 

   In the present experiments, we have extended the previous studies to examine 135 

sensory encoding of joint torques in walking up and downhill.  We examined the 136 
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encoding of mean torque values and also individual steps, which reflected changes in 137 

forces that can occur due to variations in gait in freely moving animals.  These studies 138 

suggest that sensory discharges of tibial receptors do not simply encode the force level 139 

but more closely reflect variations and force dynamics. These signals could be used to 140 

compensate for load variations and aid in generating the smooth and continuous joint 141 

movements seen in both level and sloped walking.    142 

We have also previously developed a mathematical model that captured the response 143 

properties of campaniform sensilla (Szczecinski et al. 2021). In the present study, we 144 

tested the model using the waveforms of joint torques in walking on level and sloped 145 

substrates and were able to reproduce the discharges of the sensilla without additional 146 

tuning of parameter values. These findings support use of the model campaniform 147 

sensillum in future studies of sensorimotor control of walking machines.     148 

METHODS 149 

   Experiments were performed on the hind legs of adult, female Indian stick insects 150 

(Carausius morosus, N =14) obtained from a commercial supplier (Backwater Reptiles, 151 

USA). 152 

Sensory recordings 153 

   The techniques used to record activities of stick insect tibial campaniform sensilla 154 

(Figs. 1A-C) are described in previous publications (Zill et al. 2013, 2021). In the 155 

present study, animals were first restrained on a platform and nerves to the left hind leg 156 

severed in the thorax, effectively eliminating all afferent and efferent connections to the 157 

central nervous system (CNS). The femur of the hind leg was placed against a small 158 

resin block so that the plane of movement of the femoro-tibial joint was in a horizontal 159 
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plane (Fig. 1D,E). Movements at the femoro-tibial joint were eliminated using a pin and 160 

a small amount of cynanoacrylate adhesive at the joint.  The tarsus was amputated in 161 

the distal tibia.  For sensory recordings, two 50 micron silver wires (Goodfellow Ltd, 162 

AG005825) were inserted through holes made with an insect pin and positioned along 163 

the main leg nerve. The insulating layer surrounding the wires was removed over the 164 

portion inserted into the leg. Neural activities were monitored during positioning of the 165 

wires to achieve proximity to the nerve (nervus cruris) in the femur.  The wires were 166 

fixed to the cuticle with cyanoacrylate. Sensory activities were recorded using a custom-167 

built amplifier (Michael Duebber, University of Cologne) and stored digitally using a 168 

Spike2 interface (Cambridge Electronic Design (CED), Cambridge, UK).  169 

Mechanical stimuli 170 

   Forces were generated though the Spike 2 interface using conventional ramp and 171 

hold functions and waveform of joint torques.  The torque waveforms were obtained 172 

from a previous study that recorded ground reaction forces of single legs via force 173 

plates and three-dimensional kinematics of leg movements via a marker-based motion 174 

capture system in freely moving stick insects that walked on level and sloped substrate 175 

(Fig. 1D; Dallmann et al. 2019; Zill et al. 2021). Torques about the femoro-tibial leg joint 176 

were determined by inverse dynamics using a three-dimensional rigid link model. It is 177 

important to note that we mimicked joint torques by applying forces on the distal end of 178 

the tibia in these tests. However, these sensory responses were consistent with 179 

discharges obtained by direct application of forces to the apodeme (tendon) of the tibial 180 

flexor muscle (Zill et al. 2011). 181 



8 
 

   In the present study, the torque values (in the stance phase) were normalized in 182 

duration to 800 ms and imported into Spike 2 sequencer files, then played and re-183 

recorded with low pass filtering to eliminate voltage steps.  The final output voltages 184 

were applied to the tibia using a motor (position controlled, Michael Dübbert, University 185 

of Cologne) that displaced a probe containing strain gauges (Fig. 1E), producing 186 

bending forces on the leg. The torque waveforms of single steps were applied 187 

repetitively (mean 0.5 repetitions per second +/- 0.004 SD). In this paper, a single 188 

repetition of the torque waveform is referred to as a ‘step’ or test. Sensory discharge 189 

frequencies were stable and showed no long-term adaptation throughout a series of 190 

tests. 191 

Subgroup identification 192 

   Units could be identified by the size of their extracellularly recorded amplitude and 193 

time of occurrence within the stimulus. In the present experiments, bending forces were 194 

applied to the distal tibia during placement of the recording wires with the goal of 195 

maximizing the recorded amplitude of the smallest 6B sensilla.  We utilized ablation of 196 

the subgroups to confirm unit identification (Fig. 2A): after ablation of the caps of 6B 197 

sensilla, subsequent retesting to torque waveforms showed that discharges of 6A 198 

sensilla were retained due to their proximal location in the tibia (see text below for 199 

details).  Subsequent ablation of 6A receptors eliminated those components of 200 

responses. 201 

Morphology 202 

   Scanning electron micrographs were taken of the isolated tibiae of the hind legs of 203 

newly molted animals using a Hitachi S450 microscope (Fig. 1 C; techniques described 204 
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in Zill et al. 2011).  Light micrographs of caps of campaniform sensilla were obtained 205 

from whole mounts of cuticle of the proximal tibia (Harris et al. 2020). 206 

Data storage and analysis 207 

   Data on firing rates and forces were analyzed using Spike 2 scripts. The rate of 208 

change of force was calculated in Excel.  Statistical tests were performed and plotted in 209 

Sigma plot (Systat software) and SPSS (IBM). 210 

RESULTS  211 

1- Structure and response characteristics of hindleg tibial sensilla in stick insects  212 

 213 

   The tibial campaniform sensilla of the stick insect hindleg occur as two spatially 214 

separated subgroups (Groups 6A and 6B) on dorsal surface of the proximal end of the 215 

tibia (Fig. 1A-C), similar to the homologous receptors in the middle leg (Zill et al. 2013).  216 

Group 6A is located approximately 0.5 mm and Group 6B 1.5 mm distal to the femoro-217 

tibial joint (as measured from the joint condyles).   The cuticular caps of the Group 6B 218 

sensilla are diverse in structure (Fig. 1C): there are consistently 3 sensilla (occasionally 219 

2 sensilla) with caps that appear round (or slightly rectangular), located close to the 220 

proximal ends of the surrounding cuticular collars (Fig. 1Ci) and a variable number of 221 

other receptors with oval shaped caps in the surrounding (150 microns) cuticle (Fig 222 

1Cii).  Group 6A consists of two receptors with ovate caps whose cap long axes are 223 

approximately parallel to the tibial long axis although the posterior sensillum appears 224 

tilted ~ 20-40 degrees (Fig 1Ciii). The spatial separation of the subgroups greatly 225 

facilitated their identification in extracellular recordings as the caps of the 6B receptors 226 

could be ablated (en masse) without affecting firing of 6A receptors. Similar structure 227 
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and numbers of the tibial sensilla have also been recently reported for the Madagascar 228 

stick insect, Sipyloidea sipylus (Strauß 2020).  229 

   The subgroups of sensilla were differentially activated in tests using bending forces 230 

applied to the tibia using ramp and hold functions (Fig. 2) (Zill et al. 2011; Gebehart et 231 

al. 2021).   Extracellular recordings consistently (N = 12) showed discharges of sensilla 232 

of large amplitude during the ramp increases in force in the direction of joint extension 233 

that adapted completely (or fired at a low level, <10 Hz) during the hold phase (Fig. 2A 234 

left).  Receptors with smaller spike amplitude fired tonically throughout the hold phases. 235 

Ablation of cuticular caps confirmed that these discharges (both larger and smaller 236 

spike size) were derived from 6B sensilla (Fig. 2A right). Activities of all 6B receptors 237 

completely ceased when forces began to decrease and firing of 6A sensilla occurred 238 

when forces declined substantially or approached zero.  Tests in which forces were 239 

applied to different levels of the hold phase showed that the tonic discharges (sampled 240 

late in the hold phase) reflected the force magnitude over a broad range (Fig. 2B) but 241 

the frequency of sensory discharge depended upon the rate of adaptation, which was 242 

prolonged at high force levels (data not shown).  Force application at different rates of 243 

rise and decline (Fig. 2C) indicated that the large sensilla can effectively encode the 244 

rate of force increase (Fig. 2D) and decrease (Fig. 2E) but the discharge frequencies 245 

depended upon the force amplitude.  These complex features of responses of 246 

campaniform sensilla belie their characterization as simple force detectors but are 247 

reproduced in the mathematical model of the receptors (see below). 248 

2- Forces and joint movements in the hindleg during level and sloped walking -  249 
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   The responses of tibial campaniform sensilla were characterized to forces applied to 250 

the tibia that were derived (as a subset) from the data of Dallman et al., 2019. That 251 

study measured leg movements and ground reaction forces and utilized inverse 252 

dynamics to calculate joint torques in freely moving stick insects walking on horizontal 253 

and sloped surfaces.  In the present study, we utilized both the mean femoro-tibial joint 254 

torque as well as selected individual steps. As in our previous study, steps were 255 

selected that had average torque values that substantially deviated from the mean 256 

(methods of Zill et al. 2021). We also analyzed the kinematic and kinetic parameters of 257 

the selected steps and compared them with all steps in the original data set (Dallmann 258 

et al. 2019). Figure 3 shows plots of the forces (femoro-tibial (FT) joint  torques) and 259 

joint movements for the step waveforms used as mechanical stimuli in the present 260 

study.  The direction and time course of torques at the FT joint in the selected steps 261 

generally depended upon the substrate slope (Fig 3A, B): in walking on horizontal 262 

surfaces, the torques varied considerably in individual steps (and could change in 263 

sign/direction) and the calculated mean torque was quite small in magnitude. In 264 

contrast, the mean FT torques were much greater in walking on slopes to oppose the 265 

action of the gravitational vector: strong extensor torques were generated in walking 266 

uphill that would provide propulsion, while large flexor torques were produced to brake 267 

forward motion in traversing downhill slopes.   268 

   The FT joint torques of individual steps could show substantial variations from the 269 

mean (Figure 3C) during the 'stance' phase in all substrate inclinations. Torque values 270 

were most variable in walking on a level substrate with periods of net extensor or flexor 271 

forces (Fig. 3C left).  Hindleg torques were more consistent in sign in walking on slopes 272 
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(Fig. 3C middle, right) but many steps had substantial inflections and fluctuations that 273 

could reflect adjustments of motor output to forces produced by the placement and lift of 274 

the other legs.  In contrast, measurements of the FT joint angles in these steps showed 275 

much less variability in individual steps, although the ranges of movement varied 276 

somewhat (Fig 3Di).  Examination of the torque and joint angle values in individual 277 

steps showed that, for some steps, small inflections of the values of joint angles could 278 

be accompanied by large variations in joint torque (Fig 3Dii).  Figure 3Diii is a plot of the 279 

net torque values (average value in stance) versus the range of joint angles in the steps 280 

taken on horizontal and sloped surfaces.  This plot shows that in sloped walking flexor 281 

torques tended to occur in ranges of joint extension and extension torques in ranges of 282 

joint flexion (Dallmann et al. 2019).  The joint torques could therefore provide support 283 

and stability by acting to oppose the effects of body weight on the legs (see Discussion).     284 

3- Sensory discharges to joint torques differ in uphill vs downhill walking and 285 

reflect, but do not simply encode, the force magnitude  286 

   Recordings of activities of tibial sensilla to imposed forces that mimicked walking on 287 

slopes showed that the responses of subgroups of sensilla were consistent with the 288 

direction of applied force (Fig. 4, all forces shown as positive values). Flexor torques, 289 

which were predominant in walking on level surfaces (Fig. 4A,B) and larger in downhill 290 

walking (Fig. 4C), activated 6B sensilla during force increases and could elicit firing of 291 

6A receptors when forces decreased.  Extensor torques (consistently occurring in uphill 292 

walking) produced the opposite pattern of activation: firing of 6A sensilla to force 293 

increases and discharges of 6B receptors to force decrements (Fig. 4D).  294 
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   The sensory discharges were not, however, simply related to the force magnitude, 295 

even at high levels of force application. In many steps (Fig. 4 A-D), firing of large 296 

sensilla occurred as a series of bursts and regularly ceased or decreased to very low 297 

levels after the maximum force was attained.  Discharges of small sensilla could be 298 

more sustained and generally reflected the force magnitude (but saturated at high force 299 

levels).  In addition, small amplitude sensilla also showed strong hysteresis: firing 300 

showed graded increase during force increments but sensory discharge was completely 301 

inhibited when small force decreases occurred during sustained force application, even 302 

though the overall force magnitude was high.   303 

4 - Discharges of tibial campaniform sensilla are correlated with dF/dt in level and 304 

sloped walking and show hysteresis, even at large force amplitudes 305 

   Figure 5 shows histogram plots of the sensory discharge rates (mean +/- SD) of tibial 306 

sensilla to all imposed joint torques in tests of walking on level surfaces, as well as the 307 

force magnitude (upper trace) and the rate of change of force (line in second trace).  308 

Forces at the FT joint generally occurred as flexor torques that were smaller in 309 

magnitude than in slope walking. Both the large and small amplitude 6B sensilla 310 

discharged in multiple bursts within a step that did not reflect the force level but closely 311 

followed the positive values in the rate of change of force (+dF/dt) (see Figs. 5 iii-v). All 312 

afferent activities also showed hysteresis in that firing ceased (6B large receptors) or 313 

sharply declined (6B small receptors) when the rate of change decreased (particularly 314 

apparent in Figs. 5ii, iii).  This could produce a rapid series of discharges within single 315 

'steps', even when the overall level of force was increasing (Fig. 5 ii).  Activities of 6A 316 

sensilla, which discharge to force decreases in ramp and hold tests, only occurred when 317 
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force levels declined rapidly or to low levels in tests using torque wave form.  These 318 

activities were generally at low frequencies, as was observed in tibial sensilla of middle 319 

legs (Harris et al. 2022). Tests of extensor torques in level walking (Fig. 5 v) produced 320 

activation of 6A sensilla but firing was also limited to the rising phases of force 321 

fluctuations and closely followed the changes in the force rate.   322 

   Torque values could reach much higher levels in walking on slopes (Fig. 6) and, in 323 

tests of downhill walking, could attain twice the values that occurred on level surfaces 324 

(compare Fig. 5iii and Fig. 6A iv,v).  In these tests, the subgroups of tibial sensilla were 325 

activated according to the force direction, as 6B sensilla firing predominated on downhill 326 

slopes and 6A signaled positive torques in uphill walking.  In downhill walking (Fig 6A),  327 

discharges of 6B receptors were more prolonged, particularly in plots including small 6B 328 

receptors (Fig. 6A ii, iii, v). Firing frequencies of small 6B sensilla were modulated but 329 

not separated in many discrete short bursts as seen in level walking, in part because 330 

the fluctuations in forces were less prominent. However, despite the large force 331 

magnitude, the sensory discharges were not sustained during these tests but were 332 

largely restricted to the rising phases of force. Also, activities in large and small 333 

amplitude sensilla showed high sensitivity to variations in the rate of change of force 334 

(dF/dt) (Figs. 6A ii, iii) even when these variations produced small changes in force 335 

magnitude (rising phase of force in Figs. 6A iv, v). In addition, afferent firing showed 336 

strong hysteresis and often decreased during transient periods in which the rate of 337 

change declined, even at high force levels.  Discharges of 6A receptors again occurred 338 

during large force decreases and firing was often limited to the period of decline of force 339 

at the end of the 'stance' phase.   340 
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   Discharges of 6A receptors during uphill walking and 6B receptors in downhill walking 341 

(Fig. 6) had many of the same characteristics as responses to level surfaces  and were 342 

largely restricted to the rising phase of the extensor torque (Fig. 6B ii, iv). However, the 343 

discharge frequencies were extensively modulated and followed the rate of change of 344 

force (Fig. 6Biv) even when the apparent magnitude of changes in force level were 345 

small.  In these tests, 6B discharges were restricted to the periods of force decrease, 346 

but again showed a high sensitivity to the rate of force decrement and discharges could 347 

be initiated by rapid decreases even when the force levels were relatively large.   348 

5 - Tibial campaniform sensilla show the same sensitivity to the rate of change of 349 

force (dF/dt) in walking on all substrate inclinations  350 

   Dynamic sensitivities of campaniform to joint torques on different substrate slope are 351 

compared in the plots in Figure 7.  Figures 7 A-C show plots of the sensillum firing 352 

frequencies at different positive rates of change of force (derived and pooled from all 353 

steps in the data sets in Figs. 5 and 6) for 6B sensilla in level (Fig. 7A) and downhill 354 

(Fig. 7B) and 6A receptors in uphill walking (Fig. 7C).  Although there is some spread in 355 

the values of firing frequencies as they depended both on the force level and rate of 356 

change, there were general correlations (regression coefficients R2 : A = 0.78, B = 0.69, 357 

C = 0.71) that reflect a strong dependence of sensory firing frequency on the rate of 358 

force increase. This dependence is also apparent when the data are averaged over 359 

ranges of dF/dt (Figs. 7D, E).   360 

6 - A mathematical model of campaniform sensilla reproduces sensory activities 361 

in level and sloped walking  362 
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   We have developed a mathematical model of campaniform sensilla that can 363 

successfully reproduce, in software, many characteristics of the sensory transform 364 

(input/output) of campaniform sensilla (Szczecinski et al. 2021).   In this model, the 365 

biological parameters (response gain, adaptation) are not explicitly determined variables 366 

but instead emerge by tuning.   For campaniform sensilla, we tuned the model 367 

parameters to reproduce the response time-courses from tests of responses to the 368 

mean joint torques.   369 

   The model was applied using the force (torque values) from the mean steps in walking 370 

on level and sloped surfaces, as well as steps that substantially deviate from the mean  371 

(methods of Zill et al. 2021).  Figures 8 and 9 show simulations of the sensory 372 

discharges on a level surface (Fig. 8) and on substrates that slope (Fig. 9).   The model 373 

discharges show many of the same characteristics as the biological sensilla in that 1) 374 

6B receptors can indicate the torque direction as they are active during force increases 375 

in level and downhill walking while 6A sensilla fire when walking uphill; 2) sensilla of 376 

opposite subgroups fire during periods of force decrease; 3) sensory activity reflects the 377 

rate of force development (dF/dt) on all substrates.  However, the model was less 378 

accurate in simulating sensory discharges to force decreases (Fig. 9 A-E).  For 379 

example, the mean discharge of 6B sensilla to force decreases in uphill walking was 380 

9.07 (+/- 2.31 SD) action potentials per second while the simulation predicted firing at a 381 

higher level (76.2 +/- 7.04 spikes per second) (data in Fig 9B).   382 

   The model responses share many features with the experimental recordings, despite 383 

only being tuned to replicate the response to one stimulus. The other 14 fits are 384 

completely “feedforward”, i.e., parameter values are not tweaked to better fit those data. 385 
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There was a mean absolute error of 10% or less in almost all cases despite no retuning 386 

of parameter values, which suggests that the model is capturing fundamental response 387 

properties of the tibial sensilla. We observed that tuning the model to each individual 388 

trial would improve the fit to that trial (data not shown). This is not surprising, because 389 

each cohort of animal subjects would have different properties, e.g., tibia length, cuticle 390 

hardness (time from last molt). However, we believe that a model that can reproduce 391 

responses of many different animals to widely varying stimuli is most useful for 392 

understanding how the nervous system processes force feedback. 393 

DISCUSSION 394 

   Walking on slopes represents a discrete adaptation of behavior in stick insects, as leg 395 

movements remain relatively constant while different muscle synergies and levels of 396 

activation are generated in countering forces when going uphill vs downhill (Dallmann, 397 

et al. 2019). The present experiments have, for the first time, directly tested responses 398 

of force receptors in restrained preparations to joint torques that occur at the femoro-399 

tibial joints in walking of freely moving animals on sloped surfaces. The major findings of 400 

this study are that 1) the subgroups of tibial sensilla are selectively activated in uphill or 401 

downhill walking and 2) the receptors do not simply encode the force magnitude but 402 

consistently provide signals about the rate of change (dF/dt) of joint torques.  In the 403 

following we will discuss the structure and response properties of the receptors and how 404 

the signals about the direction and rate of change of force (dF/dt) (termed 'yank', Lin et 405 

al. 2019; Blum et al. 2020) could aid in adapting walking to achieve stable and relatively 406 

constant movements when variations in forces occur due to gait or substrate inclination. 407 
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These findings will also be compared to the results of comparable studies in other 408 

animals, including vertebrates.   409 

1- Morphology and response properties of hindleg tibial campaniform sensilla - 410 

   a. Morphology - The tibial campaniform sensilla of the hindlegs are arranged as two 411 

spatially separated subgroups (as in the middle legs, Zill et al. 2011; Harris et al. 2020). 412 

The Group 6A receptors have oval shaped cuticular caps, typical of stick insect 413 

campaniform sensilla (Hofmann and Bässler, 1982, 1986) while Group 6B is more 414 

complex and has 3 large sensilla with round cuticular caps in asymmetrical collars and a 415 

variable number of other smaller sensilla with oval caps close to (within ~1.5 mm) the 416 

larger receptors.  This more dispersed and diverse arrangement is similar to the findings 417 

in recent studies of Madagascar stick insects (Strauß 2020) and fruit flies (Dinges et al. 418 

2021, 2022) and further studies are planned to quantify these variations. Variability in 419 

the number of campaniform sensilla in groups was documented in the original study of 420 

Pringle in the American cockroach (Pringle 1938) who reported different numbers of 421 

receptors in the right and left legs of the same animal.  In the present study, potential 422 

differences in afferent responses associated with these smaller receptors was not 423 

specifically examined as they often produced very small potentials in extracellular 424 

recordings and their caps were difficult to visualize in a dissecting microscope.  425 

Identification of units as 6B receptors was based upon ablation of the entire region of 426 

the cuticle and 6A receptors were identified by subsequent more proximal ablations. It is 427 

important to note that this variability in morphology may be of limited functional 428 

consequence as campaniform sensilla apparently act post-synaptically in the CNS as 429 

populations of receptors (Zill et al. 2012; Gebehart et al. 2021). 430 
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   b. Response properties - Recordings of the tibial sensilla to application of forces as 431 

ramp and hold functions showed the same pattern of activities as seen in the middle 432 

legs (Zill et al. 2011; Gebehart and Büschges 2021): 6B receptors fired during the rising 433 

and hold phases while 6A receptors discharged in a separate burst when forces 434 

declined (stick insect Haberkorn et al. 2021; similar results cockroaches Ridgel et al. 435 

2000; Noah et al. 2001).  Recordings of Group 6B similarly showed two classes of sizes 436 

of recorded potentials that corresponded to larger more phasic units and smaller tonic 437 

units (Zill et al 2013).  Small sensilla provided much of the sustained discharge during 438 

the hold phase and could reflect the force level, although there was individual variability 439 

in sensitivity, potentially due to the extent of cuticular sclerotization (Fig. 2B). The 440 

discharge of the larger units during the ramp rise reflected the rate of change of force 441 

(to faster ramps) although the slope of increase also depended upon the stimulus 442 

amplitude (Fig. 2E).  While the overall discharges of the 6B sensilla reflected force 443 

increases over the broad range of force magnitudes that occur in the hind legs, the 444 

interactive effects of stimulus amplitude, hysteresis and rate sensitivity complicates their 445 

classification as simple tonic or phasic receptors and afferent encoding was only 446 

captured by mathematical modeling (see below).  447 

2- Different subgroups of receptors are activated by joint torques in uphill vs 448 

downhill walking  449 

   All tests showed that different subgroups of tibial campaniform sensilla are activated 450 

by joint torques mimicking those occurring in uphill or downhill walking.  The discharges 451 

of 6A and 6B sensilla to the mean positive torques in walking on different slopes are 452 

compared as a summary in Figure 10.   6A sensilla were activated to the extensor 453 
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torques that generated propulsive forces when going uphill (Fig 10A) and 6B receptors 454 

discharged to flexion torques that produced braking forces in walking downhill (Fig 10B). 455 

The pattern of alternating discharge of the subgroups of tibial sensilla is elicited in both 456 

cockroaches and stick insect to forces imposed as ramp and hold functions (Ridgel et 457 

al. 2001; Fig. 3, Gebehart and Büschges 2021; Harris et al 2022) and is similar to the 458 

activities recorded in walking in freely moving or semi-restrained animals (Noah et al. 459 

2000; Zill et al. 2013). Thus, the tibial sensilla are effectively acting as proprioceptors in 460 

monitoring the torques generated by the animal to adapt to the inclination of the walking 461 

surface as well as forces that result from load transfer in gait.  462 

   The maximal firing frequencies were obtained in most tests on both uphill and downhill 463 

slopes during the initial rise in forces (mimicking the start of stance) which elicited firing 464 

of both the larger and smaller Group 6B sensilla in level and downhill walking and 465 

multiple units of 6A sensilla in going uphill.  After the initial increase, the firing 466 

frequencies either decreased to a much lower level (Fig 10A) or discharges ceased 467 

entirely.  These findings reflect the finding that the joint torques occurring at the femoro-468 

tibial joint in walking are largely dynamic in walking of freely moving animals: there is no 469 

prolonged hold phase (Harris et al. 2022; Zyhowski et al. 2023). Many torque 470 

measurements in walking of vertebrates also never attain a constant level at distal leg 471 

joints (Winter et al. 1978; Yang et al 1990; Gregor et al. 2006).  472 

3- Sensory Discharges in individual steps that deviate from the mean: sensilla 473 

encode positive values of dF/dt but show strong hysteresis 474 

   We have found that, in naturally occurring steps which deviated from the mean, 475 

sensilla fired in repeated short bursts rather than prolonged discharges, even though 476 
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the torque magnitude remained large.  These bursts were reflective of the 1) afferent 477 

sensitivities to relatively small variations in the rate of force increases and 2) hysteresis 478 

following relatively small decrements in the force rate which could produce large 479 

decelerations or complete interruption of the sensory discharges.  These characteristics 480 

were also seen in discharges of the small campaniform sensilla, which are tonically 481 

active to low levels of force.  Small sensilla showed more prolonged activity than the 482 

large 6B receptors (Fig 10B) but the receptor discharges were inhibited or strongly 483 

modulated by small decreases in the force rate. As in our previous study, discharges of 484 

sensilla of the opposite subgroup (for example,  6A firing in level and downhill walking) 485 

generally did not occur to small force decreases but were at higher threshold (Harris et 486 

al. 2022) although this varied with cuticular properties (stiffness and viscoelasticity, data 487 

not shown). All campaniform sensilla at the FT are, therefore, generating a fine grained 488 

reflection of the rate of force (torque) increase even in sloped walking when large forces 489 

are generated to overcome the effects of gravity.   490 

   Our previous study of activities of tibial CS in the middle legs in walking on a level 491 

substrate also found a high sensitivity to dF/dt (Zill et al. 2021).  All sensilla directionally 492 

encoded the dynamics of force increases and showed hysteresis to transient force 493 

decreases. Smaller receptors exhibited more tonic firing. However, the forces applied to 494 

the middle legs were of modest amplitude and it was of interest to see if the same 495 

sensitivities were found when higher forces are generated necessary for sloped walking.  496 

The findings of the present study support the idea that dynamic sensitivity in force 497 

feedback can modulate ongoing muscle activities to stabilize distal joints even when 498 

large forces are generated at proximal joints. 499 
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   The highly phasic responses that we observed from large tibial receptors parallel the 500 

responses observed in other force-detection sensory systems. Sensory discharges that 501 

strongly reflect the rate of change of force but do not directly encode the force level 502 

were obtained in early studies of bipolar neurons associated with the insertion of the 503 

opener muscle in the distal leg segments of crabs (Tryba and Hartman 1997), similar to 504 

the large spike tibial campaniform sensilla of stick insects. A number of studies have 505 

also documented sensitivities to the rate of change (dF/dt) in vertebrates, in which 506 

forces are monitored and controlled as muscle tensions (Jami, 1992; Wessberg and 507 

Vallbo 1995; Nichols, 2018; Lin et al. 2019; Sahrom et al. 2020; Gordon et al. 2020) as 508 

well as invertebrate species in which forces are detected by cuticular mechanoreceptors 509 

or sense organs associated with muscle insertions (Tryba and Hartman 1997; Majeed et 510 

al. 2013; Tuthill and Wilson 2016).  Although it is not currently known precisely what role 511 

dF/dt plays in the control of posture and/or locomotion, its ubiquity across a variety of 512 

legged animals suggests that it can play an important role in dynamically adapting 513 

motor output to the environment (Ting et al. 2009; Lin et al. 2019; see also Taylor and 514 

Krapp 2007). 515 

4- Hysteresis in force detection by campaniform sensilla 516 

   The presence of strong hysteresis in sensory discharges in sloped walking was 517 

unexpected. In tests applying forces as ramp and hold waveforms, the effect of the 518 

large magnitude of the forces predominated and both the discharges to ramp and hold 519 

and mean torque waveforms showed reduced adaptation during the period of force 520 

application. However, the steps with torque variations demonstrated that relatively small 521 

but rapid decreases could strongly reduce or completely inhibit sensory discharges, 522 
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even in the small tonic receptors (see Fig. 6A iv, v; Fig 6B iv, v). As in our previous 523 

study, discharges to force decreases in sensilla of the opposite subgroup (ex. 6A in 524 

level and downhill walking) generally did not occur to small force decreases but were 525 

elicited by more rapid decreases or by complete unloading at the end of 'stance' (Harris 526 

et al. 2022).  527 

   The source of hysteresis in sensory discharges is unknown although it has been 528 

demonstrated in other groups of campaniform sensilla (trochanteral sensilla, Hofmann 529 

and Bässler 1986; Zill et al. 1999, 2012), in receptors that encode kinematic variables 530 

(Segundo and Diaz Martinez 1985; Matheson 1990; Büschges 1994; Mamiya et al. 531 

2018) and is present in sensory processing in the insect nervous system (Siegler 1981; 532 

Gebehart et al. 2021). Hysteresis is also seen in discharges of receptors (Ross et al. 533 

2016) and in sensory encoding in the CNS in vertebrates (Mountcastle et al. 1963). 534 

Golgi tendon organs can also show hysteresis (Houk and Simon 1967) and discharges 535 

are completely inhibited by rapid force decreases although very slow decreases 536 

produce modulation of firing frequencies (Appenteng and Prochazka 1984; Scott 2005).  537 

Hysteresis may be adaptive and act to reduce residual tensions in leg muscles (Zill and 538 

Jepson-Innes 1988; Tuthill and Wilson 2016) and compensate for variations in muscle 539 

properties (Nichols and Houk 1976). 540 

5 - Functions: force sensing at the FT joint can aid in countering instabilities  541 

   The biomechanical challenge for nervous system control of walking on slopes is to 542 

raise or lower the body center-of-mass while maintaining balance.  Our working 543 

hypothesis is that the campaniform sensilla at the femoro-tibial joint in the hindlegs can 544 

aid in meeting this challenge by providing signals that monitor fluctuations in forces and 545 
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that the CNS can use this information to adjust motor outputs to maintain stability while 546 

generating smooth and uninterrupted joint movements.  The tests of uphill and downhill 547 

walking showed that even though the forces are producing discharges in different 548 

subgroups of sensilla, the sensilla are strongly reflecting the same variable (+dF/dt) on 549 

all substrates (Fig. 7E). The tibial sensilla do not directly convey the magnitude of the 550 

Newtonian force or reflect the body weight (as, for example a bathroom weighing scale).   551 

Previous studies have provided evidence that the much more numerous CS in groups 552 

on the trochanter and proximal femur (CTr joint and TrF joints) provide signals that can 553 

strongly affect magnitude and time course of muscle activities that support body load in 554 

standing, in the stance phase of walking on a level surface (Hofmann and Bässler 1986; 555 

Zill et al. 1999; Pearson 2008) or in climbing an obstacle (Watson et al. 2002).  In 556 

contrast, the tibial campaniform sensilla can modulate the muscle activities (set by the 557 

CPG and sustained by feedback from proximal joints) to tune motor outputs to 558 

variations in load.  The distribution of forces and torques occurring at different joints 559 

have been shown to vary in other motor behaviors such as walking on inverted surfaces 560 

or climbing vertical substrates (Cruse 1976b) and so there may be flexibility in the force 561 

distribution and relative contributions of the CTr and FT groups of sensilla to force 562 

outputs in the system (see also Günzel et al. 2022).  In addition, further understanding 563 

of muscle properties would aid in understanding how the patterns of neural activities are 564 

transformed to muscle tensions and movements (Sponberg et al. 2023).   565 

   Analysis of the relationship between the FT joint torque and ground reaction forces 566 

also provides preliminary support for the potential function of tibial CS as corrective or 567 

'error' detecting signals.  Figure 11 shows plots of the values of the FT joint torques vs 568 
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the ground reaction forces during the 'stance phase' for all steps in walking on level and 569 

inclined surfaces. While the plots in walking on a level surface show inconstant 570 

relationships, there is a strong correlation of the magnitude of the FT joint torque with 571 

ground reaction forces to support body load and counter the effects of gravity in the 572 

walking direction (Fx).  In addition, in walking downhill, the FT torques are very strongly 573 

correlated with lateral forces (Fy) that could maintain postural stability when the legs act 574 

to pull the tarsus in toward the body (Dallmann et al. 2019), as in distributed inward grip 575 

(Wile et al. 2008).  In walking downhill, the hindlegs are exerting large braking forces, 576 

and joint flexor muscles are active even when the joint angle is extending.  The effects 577 

of gait (lifting of other legs and redistribution of support) could contribute to the large 578 

lateral forces in downhill walking and to a high correlation of the FT joint torque with Fy.  579 

This idea is supported by experiments that showed that perturbations of the substrate 580 

oriented perpendicular to the body long axis in freely standing cockroaches produce 581 

vigorous activation of hindleg tibial campaniform sensilla  (Ridgel et al. 2001) and motor 582 

neurons to leg muscles (ibid. Fig 3B).  Further studies that carefully examine 583 

movements of multiple legs and ground reaction forces are needed to study the 584 

potential effects of gait in producing instability to lateral forces.     585 

6 - Comparison with slope walking in vertebrates: most insects do not have a 586 

vestibular system to maintain postural stability 587 

   There are both common features and significant differences in neuromuscular control 588 

of walking on slopes in vertebrates and invertebrates.  The similarities result from 589 

biomechanics and the need to generate additional propulsion in going uphill and braking 590 

forces when walking downhill. For example, myographic recordings of muscles at the 591 
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hip and ankle joints in freely moving cats and humans consistently show enhancement 592 

of activities of hip extensor muscles in walking uphill (Carlson-Kuhta et al.1998; Lay et 593 

al. 2006; Pickle et al. 2016), as is seen at the coxo-trochanteral joint in insects 594 

(Dallmann et al. 2019). Early experiments in humans using perturbations (unloading) 595 

imposed on the ankle joint suggested that inputs from receptors that monitor forces 596 

(Golgi tendon organs) strongly contribute to these changes (Houk and Simon 1967; 597 

Horcholle-Bossavit et al. 1990; Grey et al. 2007) although the potential role of sensory 598 

signals of force dynamics (Jami 1992) were not directly evaluated. These effects of 599 

force feedback are similar to the functions postulated for the trochanteral campaniform 600 

sensilla and coxo-trochanteral muscles in insects (Zill et al. 2012).    601 

   A significant difference is that, while the movements of intrinsic leg joints in insects are 602 

relatively constant in all substrate orientations, joint movements in vertebrates differ 603 

significantly on sloped compared to level substrates (Smith et al. 1998), particularly at 604 

the knee joint (Klishko et al. 2021). Recent studies concluded that control of sloped 605 

walking in vertebrates utilizes integration of inputs from both receptors that monitor 606 

forces and sensory inputs (muscle spindles) that encode joint position and movement 607 

(Gregor at al. 2006; Daley and Biewener 2011; Frigon et al. 2021).  In addition, some of 608 

the specific adaptations in walking on slopes in vertebrates may also be related to 609 

problems of maintaining postural stability on fewer legs than in insects. Recent analysis 610 

of downhill walking in cats suggests that these adaptations result from supraspinal 611 

inputs, potentially mediated by the the vestibular system, which monitors the effects of 612 

gravity and acceleration in vertebrates but is absent in most insects (Klishko et al. 613 

2021). However, the activities of sensory receptors that monitor forces have not, as yet, 614 
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been studied in vertebrates in walking on slopes (Flanders, 2011) to allow comparison 615 

with the results obtained from stick insects.  616 

 7- Are signals of dynamic decreases in force preserved in the stick insect central 617 

nervous system? 618 

   The present study has shown that when forces are applied using waveforms of joint 619 

torques of freely walking animals, signals from the tibial campaniform sensilla strongly 620 

reflect the force dynamics (dF/dt).  It is still unclear how or whether the signals of 621 

transient force decreases are encoded in the nervous system.  In a previous study we 622 

demonstrated that transient increases in forces resisting muscle contraction, signaled in 623 

part by the trochanteral campaniform sensilla,  can produce increases in activities of 624 

motor neurons of stance phase muscles in stick insects (Zill et al. 2012), but the effects 625 

of force decreases were not systematically examined.  Campaniform sensilla can 626 

potentially have direct effects on motor neurons but have been shown to affect activities 627 

in a number of non-spiking interneurons in stick insects (Gebehart and Büschges 2021; 628 

Gebehart et al. 2021, 2022).  These interneurons can act as low-pass filters but tests 629 

using forces applied as ramp and hold functions show that interneurons can reflect both 630 

phasic and sustained components of force application, as signaled by campaniform 631 

sensilla but signaling of the rate of change of force were not systematically studied 632 

(Gebehart et al. 2021).  Previous studies have suggested that multimodal proprioceptive 633 

feedback can function as 'error signals', as suggested by the present study, but the 634 

requisite elements that can differentiate unexpected loads from self-generated forces 635 

have not been identified in insects (Flanders, 2011) .  Further studies are necessary to 636 
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understand how force dynamics can be preserved in motor outputs during 'active' 637 

behaviors, such as walking (Bidaye et al. 2018). 638 

8- Discussion of Mathematical Model 639 

   These tests show that the model we have developed, although tuned with limited data 640 

sets, can describe a variety of additional responses with these same parameter values, 641 

suggesting that the model replicates the underlying dynamics of CS afferents without 642 

over fitting to the data, although further tuning of the model might improve predictions of 643 

discharges to decreasing forces. These findings also demonstrate that similar 644 

parameters are encoded in walking uphill and downhill, supporting the hypothesis that 645 

insects do not use different motor programs in sloped walking (Dallmann, et al. 2019) 646 

but utilize the same local mechanisms of motor control on all substrates.   647 

9- Limitations of this study  648 

The waveforms of joint torques of the hindleg FT joint that were used as mechanical 649 

stimuli in this study were derived by inverse dynamics from a previous study of sloped 650 

walking of free moving animals (Dallmann et al. 2019; also Dallmann et al. 2016, 2017; 651 

Zill et al. 2021).  The method of inverse dynamics makes the assumptions that limbs are 652 

composed of rigid segments and leg joints are frictionless (Simpson et al. 2015; Zajac 653 

and Gordon 1989).  In the study of Dallmann (2019), the joint torques at the most 654 

proximal leg joint (body-coxa) were closely correlated with recordings of muscle 655 

activities, supporting the validity of the method.   It is also important to note that, in the 656 

present study, many of the characteristics of afferent discharges, such the sensitivities 657 

to small force decreases, were evident in the discharges of sense organs to all 658 

waveforms, despite the variations of their detailed dynamics or amplitude.    In addition, 659 
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the waveforms were applied to the leg without control for the effects of visco-elasticity of 660 

the cuticle. However, we found that in using the dynamic waveforms applied in the 661 

present study, the resultant forces closely (within 10%) followed the the shape of the 662 

torque waveforms and the effects of visco-elasticity, such as stress relaxation, were 663 

minimal.     664 

10- Conclusions and future work   665 

   This study has recorded the activities of sense organs that monitor forces and shown 666 

that feedback during walking can provide specific information that could aid in 667 

countering instabilities in traversing slopes.  The findings also suggest that force 668 

feedback and information about force dynamics are not monotonic but may be related to 669 

the specific functions of individual leg joints.  Succeeding experiments will examine 670 

responses of the trochanteral and femoral campaniform sensilla (the largest groups of 671 

receptors) to torque waveforms to test whether the dynamic sensitivities and hysteresis 672 

are similar to those found in the tibial sensilla in the present study. These characteristics 673 

of force detection may also be beneficial in the control of legs of walking machines in 674 

locomotion on sloped surfaces.   675 

Support: This study was supported by National Science Foundation (NSF Collaborative 676 

Research in Computational Neuroscience) CRCNS Grant 2113028. 677 

REFERENCES 678 

Appenteng K, Prochazka A. Tendon organ firing during active muscle lengthening in 679 

awake, normally behaving cats. J. Physiol. 353: 81-92, 1984. 680 



30 
 

Bidaye SS, Bockemühl T, Büschges A. Six-legged walking in insects: how CPGs, 681 

peripheral feedback, and descending signals generate coordinated and adaptive motor 682 

rhythms. J Neurophysiol 119: 459–475, 2018. doi:10.1152/jn.00658.2017. 683 

Blum KP, Campbell KS, Horslen BC, Nardelli P, Housley SN, Cope TC, Ting LH. 684 

Diverse and complex muscle spindle afferent firing properties emerge from multiscale 685 

muscle mechanics. Elife. Dec 28;9:e55177, 2020. doi: 10.7554/eLife.55177. PMID: 686 

33370235; PMCID: PMC7769569. 687 

Büschges A,  Gruhn M. Studying the neural basis of animal walking in the stick insect. 688 

In book: The Neural Control of Movement, pp. 57-73, 2020. doi: 10.1016/B978-0-12-689 

816477-8.00003-X 690 

Büschges A. The physiology of sensory cells in the ventral scoloparium of the stick 691 

insect femoral chordotonal organ.  J Exp Biol. 189: 285-292, 1994 692 

Carlson-Kuhta P, Trank TV, Smith JL. Forms of forward quadrupedal locomotion. II. A 693 

comparison of posture, hindlimb kinematics, and motor patterns for upslope and level 694 

walking. J Neurophysiol. Apr;79(4):1687-701, 1998. doi: 10.1152/jn.1998.79.4.1687. 695 

PMID: 9535939. 696 

Cruse, H. The control of body position in the stick insect (Carausius morosus), when 697 

walking over uneven surfaces. Biol. Cybern. 24, 25-33, 1976a. 698 

Cruse, H. The function of the legs in the freewalking stick insect, Carausius morosus. J. 699 

Comp. Physiol. A 112, 235-262, 1976b. 700 

Daley MA, Biewener AA. Leg muscles that mediate stability: mechanics and control of 701 

two distal extensor muscles during obstacle negotiation in the guinea fowl. Philos Trans 702 



31 
 

R Soc Lond B Biol Sci. May 27;366(1570):1580-91, 2011. doi: 10.1098/rstb.2010.0338. 703 

PMID: 21502128; PMCID: PMC3130446. 704 

Dallmann CJ, Dürr V, Schmitz J.  Joint torques in a freely walking insect reveal distinct 705 

functions of leg joints in propulsion and posture control. Proc. R. Soc. B Biol. Sci. 283, 706 

20151708, 2016. 707 

Dallmann C J, Hoinville T, Dürr, V, Schmitz J. A load-based mechanism for inter-leg 708 

coordination in insects. Proc. R. Soc. B Biol. Sci. 284, 20171755, 2017. 709 

Dallmann CJ, Dürr V, Schmitz J. Motor control of an insect leg during level and incline 710 

walking. J Exp Biol. 222: jeb188748, 2019. doi: 10.1242/jeb.188748 711 

Dewolf AH, Mesquita RM, Willems PA. Intra-limb and muscular coordination during 712 

walking on slopes. Eur J Appl Physiol. Aug;120(8):1841-1854, 2020. doi: 713 

10.1007/s00421-020-04415-4. Epub 2020 Jun 10. PMID: 32524225. 714 

Dewolf AH, Ivanenko YP, Zelik KE, Lacquaniti F, Willems PA. Differential activation of 715 

lumbar and sacral motor pools during walking at different speeds and slopes. J 716 

Neurophysiol. Aug 1;122(2):872-887, 2019. doi: 10.1152/jn.00167.2019. Epub 2019 Jul 717 

10. PMID: 31291150; PMCID: PMC6734402. 718 

Dickerson BH, Fox JL, Sponberg, S. Functional diversity from generic encoding in 719 

insect campaniform sensilla. Curr. Opin. Physiol. 21:194-203, 2021.   doi: 720 

10.1016/j.cophys.2020.11.004 721 

Dinges GF, Chockley AS, Bockemühl T, Ito K, Blanke A, Büschges A. Location and 722 

arrangement of campaniform sensilla in Drosophila melanogaster. J Comp Neurol. 2021 723 

Mar;529(4):905-925. doi: 10.1002/cne.24987. Epub 2020 Aug 6. PMID: 32678470. 724 



32 
 

Dinges GF, Bockemühl T, Iacoviello F, Shearing PR, Büschges A, Blanke A. Ultra high-725 

resolution biomechanics suggest that substructures within insect mechanosensors 726 

decisively affect their sensitivity. J R Soc Interface. May;19(190):20220102, 2022. doi: 727 

10.1098/rsif.2022.0102. Epub 2022 May 4. PMID: 35506211; PMCID: PMC9065962. 728 

Flanders M. What is the biological basis of sensorimotor integration? Biol Cybern 104: 729 

1–8, 2011. doi:10.1007/s00422-011-0419-9. 730 

Frigon A, Akay T, Prilutsky BI Control of Mammalian Locomotion by Somatosensory 731 

Feedback. Compr Physiol. Dec 29;12(1):2877-2947, 2021. doi: 10.1002/cphy.c210020. 732 

PMID: 34964114; PMCID: PMC9159344. 733 

Gebehart C, Büschges A. Temporal differences between load and movement signal 734 

integration in the sensorimotor network of an insect leg. J Neurophysiol. 2021 Dec 735 

1;126(6):1875-1890, 2021. doi: 10.1152/jn.00399.2021. Epub 2021 Oct 27. PMID: 736 

34705575. 737 

Gebehart C, Schmidt J, Büschges A. Distributed processing of load and movement 738 

feedback in the premotor network controlling an insect leg joint. J Neurophysiol. May 739 

1;125(5):1800-1813, 2021. doi: 10.1152/jn.00090.2021. Epub 2021 Mar 31. PMID: 740 

33788591. 741 

Gebehart C, Hooper SL, Büschges A. Non-linear multimodal integration in a distributed 742 

premotor network controls proprioceptive reflex gain in the insect leg. Curr Biol. Sep 743 

12;32(17):3847-3854.e3, 2022. doi: 10.1016/j.cub.2022.07.005. Epub 2022 Jul 26. 744 

PMID: 35896118. 745 

Gordon JC, Holt NC, Biewener A, Daley MA. Tuning of feedforward control enables 746 

stable muscle force-length dynamics after loss of autogenic proprioceptive feedback. 747 



33 
 

Elife. Jun 23;9:e53908, 2020. doi: 10.7554/eLife.53908. PMID: 32573432; PMCID: 748 

PMC7334023. 749 

Gottschall JS, Nichols TR. Neuromuscular strategies for the transitions between level 750 

and hill surfaces during walking. Philos Trans R Soc Lond B Biol Sci. 2011 May 751 

27;366(1570):1565-79, 2011. doi: 10.1098/rstb.2010.0355. PMID: 21502127; PMCID: 752 

PMC3130452. 753 

Gregor RJ, Smith DW, Prilutsky BI. Mechanics of slope walking in the cat: quantification 754 

of muscle load, length change, and ankle extensor EMG patterns. J Neurophysiol. 755 

Mar;95(3):1397-409, 2006. doi: 10.1152/jn.01300.2004. Epub 2005 Oct 5. PMID: 756 

16207777. 757 

Grey MJ, Nielsen JB, Mazzaro N, Sinkjaer T. Positive force feedback in human walking. 758 

J Physiol. May 15;581(Pt 1):99-105, 2007. doi: 10.1113/jphysiol.2007.130088. Epub 759 

2007 Mar 1. PMID: 17331984; PMCID: PMC2075215. 760 

Günzel Y, Schmitz J, Dürr V. Locomotor resilience through load-dependent modulation 761 

of muscle co-contraction. J Exp Biol. Sep 15;225(18):jeb244361, 2022. doi: 762 

10.1242/jeb.244361. Epub 2022 Sep 27. PMID: 36039914. 763 

Haberkorn A, Özbagci B, Gruhn M, Büschges A. Optical inactivation of a proprioceptor 764 

in an insect by non-genetic tools. J Neurosci Methods. Nov 1;363:109322, 2021. doi: 765 

10.1016/j.jneumeth.2021.109322. Epub 2021 Aug 13. PMID: 34391793. 766 

Harris CM, Dinges GB, Haberkorn A, Gebehart A, Büschges A, Zill SN. Gradients in 767 

mechanotransduction of force and body weight in insects. Arthr. Struct. Dev 58. 100970, 768 

2020. doi.org/10.1016/j.asd.2020.100970. 769 

https://www.sciencedirect.com/science/article/pii/S1467803920300931?via%3Dihub 770 



34 
 

Harris CM, Szczecinski N, Zill SN, Sensory signals of unloading are tuned to distinguish 771 

leg slipping from load variations in gait: experimental and modeling studies. J 772 

Neurophysiol. 128(4):790-807, 2022. doi: 10.1152/jn.00285.2022. PMID: 36043841. 773 

Hatz K, Mombaur K, Donelan JM. Control of ankle extensor muscle activity in walking 774 

cats. J Neurophysiol.108(10):2785-93, 2012 doi: 10.1152/jn.00944.2011. PMID: 775 

22933727. 776 

Hofmann T, Bassler U. Anatomy and physiology of trochanteral campaniform sensilla in 777 

the stick insect, Cuniculina impigra. Physiol Entomol 7:413–426, 1982 778 

Hofmann T, Bässler U. Response characteristics of single trochanteral campaniform 779 

sensillae in the stick insect, Cuniculina impigra. Physiol Entomol 11: 17–21, 1986. 780 

Horcholle-Bossavit G, Jami L, Petit J, Vejsada R, Zytnicki D. Ensemble discharge from 781 

Golgi tendon organs of cat peroneus tertius muscle. J Neurophysiol. Sep;64(3):813-21, 782 

1990. doi: 10.1152/jn.1990.64.3.813. PMID: 2230926. 783 

Houk J, Simon W. Responses of Golgi tendon organs to forces applied to muscle 784 

tendon. J Neurophysiol. Nov;30(6):1466-81, 1967. doi: 10.1152/jn.1967.30.6.1466. 785 

PMID: 6066449. 786 

Jami L. Golgi tendon organs in mammalian skeletal muscle: functional properties and 787 

central actions. Physiol Rev 72: 623-66, 1992. 788 

Klishko AN, Akyildiz A, Mehta-Desai R, Prilutsky BI. Common and distinct muscle 789 

synergies during level and slope locomotion in the cat. J Neurophysiol. 2021 Aug 790 

1;126(2):493-515, 2021. doi: 10.1152/jn.00310.2020. Epub 2021 Jun 30. PMID: 791 

34191619; PMCID: PMC8409955. 792 



35 
 

Lay AN, Hass CJ, Gregor RJ. The effects of sloped surfaces on locomotion: a kinematic 793 

and kinetic analysis. J Biomech. 39(9):1621-8, 2006. doi: 794 

10.1016/j.jbiomech.2005.05.005. Epub 2005 Jun 28. PMID: 15990102 795 

Lin DC, McGowan CP, Blum KP, Ting LH. Yank: the time derivative of force is an 796 

important biomechanical variable in sensorimotor systems. J Exp Biol 222: jeb180414, 797 

2019. doi: 10.1242/jeb.180414. 798 

Lyle MA, Nichols TR. Patterns of intermuscular inhibitory force feedback across cat 799 

hindlimbs suggest a flexible system for regulating whole limb mechanics. J 800 

Neurophysiol. Feb 1; 119(2), 2018: 668–678. doi: 10.1152/jn.00617.2017, PMCID: 801 

PMC5867384, PMID: 2914209 802 

Majeed ZR, Titlow J, Hartman HB, Cooper R. Proprioception and tension receptors in 803 

crab limbs: student laboratory exercises. J Vis Exp. Oct 24;(80):e51050, 2013. doi: 804 

10.3791/51050. PMID: 24192613; PMCID: PMC3963413. 805 

Mamiya A, Gurung P, Tuthill JC. Neural coding of leg proprioception in Drosophila. 806 

Neuron 100: 636-650.e6, 2018. doi:10.1016/j.neuron.2018.09.009 807 

Matheson T. Responses and locations of neurones in the locust metathoracic femoral 808 

chordotonal organ Journal of Comparative Physiology A. 166: 915-927, 1990. DOI: 809 

10.1007/Bf00187338 810 

Mileusnic MP, Loeb GE. Force estimation from ensembles of Golgi tendon organs. J 811 

Neural Eng. Jun;6(3):036001, 2009. doi: 10.1088/1741-2560/6/3/036001. Epub 2009 812 

Apr 15. PMID: 19367000. 813 

Mountcastle VB, Poggio GB, Werner G. The relation of thalamic cell response to 814 

peripheral stimuli varied over an intensive continuum. J Neurophysiol 26:807-834, 1963. 815 



36 
 

Nichols TR. Distributed force feedback in the spinal cord and the regulation of limb 816 

mechanics. J Neurophysiol. Mar 1;119(3):1186-1200, 2018. doi: 817 

10.1152/jn.00216.2017. Epub 2017 Dec 6. PMID: 29212914; PMCID: PMC5899305. 818 

Nichols TR, Houk JC. Improvement in linearity and regulation of stiffness that results 819 

from actions of stretch reflex. J Neurophysiol 39: 119-142, 1976.  820 

doi.org/10.1152/jn.1976.39.1.119 821 

Noah JA, Quimby L, Frazier SF, Zill SN. Force receptors in cockroach walking 822 

reconsidered: discharges of proximal tibial campaniform sensilla when body load is 823 

altered.  J Comp Physiol A 187:769-784, 2001 824 

Noah JA, Quimby L, Frazier SF, Zill SN. Sensing the effect of body load in legs: 825 

responses of tibial campaniform sensilla to forces applied to the thorax in freely 826 

standing cockroaches. J Comp Physiol A 190:201-215, 2004. 827 

Pearson KG. Role of sensory feedback in the control of stance duration in walking cats. 828 

Brain Res Rev 57: 222-227, 2008. 829 

Pickle NT, Grabowski AM, Auyang AG, Silverman AK. The functional roles of muscles 830 

during sloped walking. J Biomech. Oct 3;49(14):3244-3251, 2016. doi: 831 

10.1016/j.jbiomech.2016.08.004. Epub 2016 Aug 6. PMID: 27553849; PMCID: 832 

PMC5167499. 833 

Pringle JWS. Proprioception in insects. II The action of the campaniform sensilla on the 834 

legs.  J Exp Biol 15: 114-131, 1938. 835 

Ridgel AL, Frazier SF, Zill SN. Dynamic responses of tibial campaniform sensilla 836 

studied by substrate displacement in freely moving cockroaches. J Comp Physiol A 837 

187:405-420, 2001. 838 



37 
 

Roll JP, Vedel JP, Ribot E, Alteration of proprioceptive messages induced by tendon 839 

vibration in man: a microneurographic study. Exp Brain Res. 76(1):213-22, 1989. doi: 840 

10.1007/BF00253639. PMID: 2753103. 841 

Ross SE, Sperry ZJ, Mahar CM, Bruns TM. Hysteretic behavior of bladder afferent 842 

neurons in response to changes in bladder pressure. BMC Neurosci. Aug 12;17(1):57, 843 

2016. doi: 10.1186/s12868-016-0292-5. PMID: 27520434; PMCID: PMC4983075. 844 

Sahrom SB, Wilkie JC, Nosaka K, Blazevich AJ. The use of yank-time signal as an 845 

alternative to identify kinematic events and define phases in human countermovement 846 

jumping. R Soc Open Sci. Aug 26;7(8):192093, 2020. doi: 10.1098/rsos.192093. PMID: 847 

32968500; PMCID: PMC7481710. 848 

Scott JJA, The golgi tendon organ, in Peripheral Neuropathy, eds Dyck PJ and Thomas 849 

PK, 2005, pp. 151-161. 850 

Segundo JP, Diez Martínez O. Dynamic and static hysteresis in crayfish stretch 851 

receptors. Biol Cybern. 52(5):291-6, 1985. doi: 10.1007/BF00355750. PMID: 4052496. 852 

Siegler MV. Posture and history of movement determine membrane potential and 853 

synaptic events in nonspiking interneurons and motor neurons of the locust. J 854 

Neurophysiol 46: 296-309, 1981. doi: 10.1152/jn.1981.46.2.296. PMID: 7264714. 855 

Simpson CS, Sohn MH, Allen JL, Ting LH. Feasible muscle activation ranges based on 856 

inverse dynamics analyses of human walking. J Biomech 48: 2990–2997, 2015. 857 

doi:10.1016/j.jbiomech.2015.07.037. 858 

Smith JL, Carlson-Kuhta P, Trank TV. Forms of forward quadrupedal locomotion. III. A 859 

comparison of posture, hindlimb kinematics, and motor patterns for downslope and level 860 



38 
 

walking. J Neurophysiol. Apr;79(4):1702-1716, 1998. doi: 10.1152/jn.1998.79.4.1702. 861 

PMID: 9535940. 862 

Sponberg S, Abbott E, Sawicki GS. Perturbing the muscle work loop paradigm to 863 

unravel the neuromechanics of unsteady locomotion. J Exp Biol. Apr 864 

1;226(7):jeb243561, 2023. doi: 10.1242/jeb.243561. Epub 2023 Apr 12. PMID: 865 

37042414. 866 

Strauß J. Neuronal innervation of the subgenual organ complex and the tibial 867 

campaniform sensilla in the stick insect midleg. Insects 11: 40, 2020,; 868 

doi:10.3390/insects11010040 869 

Szczecinski NS, Dallmann CJ, Quinn RD, Zill SN. A computational model of insect 870 

campaniform sensilla predicts encoding of forces during walking. Bioinspir Biomim. Sep 871 

7;16(6), 2021. doi: 10.1088/1748-3190/ac1ced. PMID: 34384067. 872 

Taylor GK, Krapp HG.  Sensory systems and flight stability: what do insects measure 873 

and why? in  Insect Mechanics and Control, Casas J, Simpson SJ (Eds.), Academic 874 

Press (2007), pp. 231-316 875 

Ting LH, van Antwerp KW, Scrivens JE, McKay JL, Welch TD, Bingham JT, DeWeerth 876 

SP. Neuromechanical tuning of nonlinear postural control dynamics. Chaos. 877 

Jun;19(2):026111, 2009. doi: 10.1063/1.3142245. PMID: 19566271; PMCID: 878 

PMC2832047. 879 

Tryba AK, Hartman HB. Dynamic responses of series force receptors innervating the 880 

opener muscle apodeme in the blue crab, Callinectes sapidus. J Comp Physiol A. 881 

180(3):215-21, 1997. doi: 10.1007/s003590050042. PMID: 10866551. 882 



39 
 

Tuthill JC, Wilson RI. Mechanosensation and adaptive motor control in insects. Curr Biol 883 

26: R1022–R1038, 2016. doi:10.1016/j.cub.2016.06.070. 884 

Watson JT, Ritzmann RE, Zill SN, Pollack AJ. (2002) Control of obstacle climbing in the 885 

cockroach, Blaberus discoidalis. I. Kinematics. J Comp Physiol A 188:39-53, 2002.  886 

Wessberg J, Vallbo AB. Coding of pulsatile motor output by human muscle afferents 887 

during slow finger movements. J. Physiol. (Lond.) 485:271, 1995 888 

Wile GD, Daltorio KA, Diller ED, Palmer LR, Gorb SN, Ritzmann RE, Quinn RD.   889 

Screenbot: Walking inverted using distributed inward gripping, 2008 IEEE/RSJ 890 

International Conference on Intelligent Robots and Systems, Nice, France, 2008, pp. 891 

1513-1518, doi: 10.1109/IROS.2008.4651045. 892 

Winter DA, Robertson, DGE. Joint torque and energy patterns in normal gait. Biol. 893 

Cybernetics 29, 137–142, 1978. https://doi.org/10.1007/BF00337349 894 

Yang JF, Winter DA, Wells RP. Postural dynamics of walking in humans. Biol Cybern. 895 

1990;62(4):321-30, 1990. doi: 10.1007/BF00201446. PMID: 2310786. 896 

Zajac FE, Gordon ME. Determining muscle’s force and action in multiarticular 897 

movement. Exerc Sport Sci Rev 17: 187–230, 1989. 898 

Zill SN, Jepson-Innes KA. Evolutionary adaptation of a reflex system: sensory 899 

hysteresis counters muscle 'catch' tension.  J Comp Physiol A 164: 43-48, 1988. 900 

Zill SN, Moran DT. The exoskeleton and insect proprioception.  III. Activity of tibial 901 

campaniform sensilla during walking in the American cockroach Periplaneta americana.  902 

J Exp Biol 94:57-75, 1981. 903 

Zill SN, Ridgel AL, DiCaprio RA, Frazier SF. Load signalling by cockroach trochanteral 904 

campaniform sensilla.  Brain Res 822:271-275, 1999. 905 



40 
 

Zill S, Büschges A, Schmitz J (Encoding of force increases and decreases by tibial 906 

campaniform sensilla in the stick insect, Carausius morosus. J Comp Physiol A 907 

197:851-867, 2011. 908 

Zill S, Schmitz J, Chaudhry S, Büschges, A. Force encoding in stick insect legs 909 

delineates a reference frame for motor control. J Neurophysiol 108:1453-1472, 2012. 910 

Zill S, Chaudhry S, Büschges A, Schmitz, J. Directional specificity and encoding of 911 

muscle forces and loads by stick insect tibial campaniform sensilla, including receptors 912 

with round cuticular caps. Arthr. Struct. Dev. 42:455-67, 2013. 913 

Zill SN, Dallmann CJ, Szczecinski N, Büschges A, Schmitz J. Evaluation of force 914 

feedback in walking using joint torques as 'naturalistic' stimuli. J Neurophysiol 126:227-915 

248, 2021. doi: 10.1152/jn.00120.2021. PMID: 34107221. 916 

https://journals.physiology.org/doi/abs/10.1152/jn.00120.2021 917 

Zyhowski W, Szczecinski N, Zill SN. Adaptive load feedback robustly signals force 918 

dynamics in robotic model of Carausius morosus stepping. Front Neurorobot. 2023 Jan 919 

26;17:1125171, 2023. doi: 10.3389/fnbot.2023.1125171. PMID: 36776993; PMCID: 920 

PMC9908954. 921 

FIGURE LEGENDS 922 

Figure 1 - Structure of Campaniform Sensilla of Stick Insect Hindleg Tibia and 923 

Experimental Preparation. A. Campaniform sensilla monitor forces through a dendrite 924 

that inserts to a cuticular cap embedded in the exoskeleton. B. Scanning electron 925 

micrograph of hindleg proximal tibia - The tibial sensilla are arranged in two spatially 926 

separated subgroups (Groups 6A, 6B). C. Structure of cuticular caps.  i. The tibial 927 

Group 6B typically has three sensilla with round cuticular caps, similar to the 928 
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arrangement in middle legs. ii. Group 6B also contains a variable number of other 929 

sensilla that have oval shaped caps.  iii. Group 6A has two sensilla (one shown) with 930 

oval caps orient close to parallel with the long axis of the tibia. D. Joint forces (torques) 931 

in freely moving stick insects were derived from experiments using a small force plate 932 

inserted in a walkway that could be tilted (previous study by Dallmann et al. 2019). E. 933 

Sensory responses of the tibial campaniform sensilla were recorded in the femur while 934 

forces were imposed on the tibia, including ramp and hold waveforms and waveforms of 935 

joint torques from freely moving animals.   936 

Figure 2 - Response properties of tibial campaniform sensilla of the stick insect 937 

hindleg.   A. (left) - Bending forces applied to the distal tibial in the direction of joint 938 

extension (movement resisted) elicited vigorous discharges of 6B sensilla during the 939 

rising and hold phases and 6A receptors during the ramp decline; (right) ablation of 6B 940 

receptors (right) selectively eliminated the discharges during the ramp rise and hold.  B. 941 

Plot of mean firing frequency of all 6B sensilla during the hold phase to bending forces 942 

applied to the distal tibia at different amplitudes in four animals. Discharges reflect the 943 

force magnitude but vary with stiffness of cuticle.  C. Response to forces applied at 944 

different rates of rise and decline. D. and E   Plots of mean firing during the ramp rising 945 

phase show that 6B large sensilla encode the rate of change of force increase (D) and 946 

6A receptors the rate of force decrease (E) over a range of force amplitudes.  947 

Figure 3 - Torques and movements of the femoro-tibial joint.  A and B.  The mean 948 

forces (torques) at the femoro-tibial joint of selected steps used in this study (derived 949 

from data set of Dallmann et al. 2019) vary according to substrate orientation: forces are 950 

variable on a level substrate but provide propulsion (extensor torque) in walking uphill 951 
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and a strong braking force (flexor torque) on downhill slopes.   C. Joint torques of 952 

individual steps in walking.  The torques of individual steps used in this study showed 953 

variability and inflections in walking on level (left), uphill (middle) and downhill (right) 954 

substrates.  D.  Joint movements.   i. The mean FT joint angle is consistently extended 955 

over a relatively constant range during the stance phase of walking on all surfaces. ii. 956 

Plot of FT joint torque and joint angle in a single, sample step. Many individual steps 957 

showed substantial variability in joint torques but relatively constant joint movement. iii. 958 

Plot of the mean joint angles in which torques occurred for steps used in this study. 959 

Flexor torques tended to occur in ranges of joint extension while extensor torques were 960 

found in ranges of flexion, although torques in walking on horizontal substrates were 961 

variable. 962 

Figure 4 - Recordings of Sensory discharges to Joint Torque Waveforms. A, B. - 963 

Walking on level surface.  6B sensilla fired in bursts that reflected fluctuations in both 964 

the mean forces (A) and larger forces that occurred during individual steps (B). 6B 965 

sensilla discharge during periods of force increase while 6A receptors fired when force 966 

decrements declined to low levels.  C. Downhill walking - 6B sensilla fired more 967 

intensely during the larger braking forces but discharges were inhibited when forces 968 

fluctuated and briefly decreased even at high sustained levels. D. Uphill walking - 6A 969 

receptors discharged to forces exerted in propulsion while 6B receptors discharged 970 

when force decreases approached zero.  E. Controls - Identification of units derived 971 

from subgroups 6B and 6A were based upon action potential size and confirmed by 972 

selective ablations of cuticular caps of subgroups. Discharge to force increases (left 973 
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level walking step) was selectively eliminated by ablation of Group 6B (right) while firing 974 

of Group 6A receptors persisted after the ablation.   975 

Figure 5 - Sensory encoding of joint torques in walking on a level substrate. Plots 976 

of pooled data from tests of sensory responses to joint torque waveforms. i. Walking on 977 

a level substrate - Force levels were relatively small in calculated mean joint torques (i) 978 

but larger in individual steps (ii-v, see scale). In tests with net flexor torques (i-iv) 6B 979 

sensilla fire to torque increases. The discharge frequency of large 6B sensilla 980 

(histogram second trace) and all 6B sensilla (histogram third trace) occur as bursts that 981 

do not follow the force level but instead reflect variations in the rate of change of force 982 

(dF/dt line overlaid on second trace). In steps with net extensor torques, the 6A sensilla 983 

more closely follow the rate of force increases, while 6B receptors discharge to force 984 

decrements. 985 

Figure 6 - Sensory encoding of joint torques in walking on sloped substrates. 986 

A. Downhill walking - Firing of 6B sensilla reflects the rate of change of force (dF/dt 987 

overlay line in second trace) and is inhibited by a transient force decrease in a single 988 

step (right). B. Uphill walking - 6A receptors fired to force increases when walking uphill.  989 

The discharge of the calculated mean torque (left) shows considerable adaptation, while 990 

the firing in an individual step is completely inhibited by a transient force decrease.   991 

Figure 7 - Encoding of rate of change of force (dF/dt),  A.-B.  Plots of firing 992 

frequencies of large 6B sensilla at different rates of change of force (dF/dt) derived from 993 

data in Figs. 4, 5) in walking on level surfaces (A) and uphill C. Similar plot of firing of 994 

6A receptors in uphill walking.  D.  Pooled, averaged data on mean firing of all 6B 995 

sensilla vs. dF/dt.  E. Summary plot of firing of 6B large receptors vs rate of change of 996 
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force on substrate orientations.  Large 6B sensilla encode the rate of change of force in 997 

all substrate orientations.  (Animals N = 5, tests: Level n = 852, Downhill n = 1035, 998 

Uphill n = 997)  999 

Figure 8 - Simulation of sensory discharges in walking on a level  surface  Walking 1000 

on a level substrate - The model produced the same pattern of discharge of 6B 1001 

receptors to force increases in both the smaller mean torque (A) and larger torques of 1002 

individual steps that varied from the mean (B-E).  Similar patterns of firing of 6A 1003 

receptors to force decreases were also seen in simulation to force decreases.   1004 

Figure 9 - Simulation of sensory encoding of joint torques in walking on sloped 1005 

substrates. A. Downhill walking - The model generated firing of 6B sensilla in downhill 1006 

walking that reflected the rate of change of force. The inhibition that occurred to 1007 

transient force decrease was also reproduced in some but not all steps.  B. in a single 1008 

step (right). B. Uphill walking - In simulation, 6A receptors fired to force increases when 1009 

walking uphill.  The discharge of the calculated mean torque (left) shows considerable 1010 

adaptation, while the firing in an individual step is completely inhibited by a transient 1011 

force decreases.   1012 

Figure 10 - Summary of Sensory Encoding of Joint Torques in Uphill and 1013 

Downhill Walking, including effects of small 6B sensilla - Plots of sensory 1014 

discharges and mean joint torques in  walking uphill  (Fig 10A) and downhill  (Fig 10B). 1015 

All sensory discharge are maximal and mostly limited to the rising phase of the force 1016 

and do not simply reflect the force level, even at high force application. Different 1017 

subgroups of sensilla are active  in walking uphill vs downhill. The effects of the small 1018 

6B receptors (Fig 10B) were calculated by subtracting the firing of large sensilla from 1019 
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the discharges of all sensilla in downhill walking. Small sensillum firing is relatively 1020 

constant above threshold and provide a signal of sustained force development, although 1021 

it limited to the phase of force increase.   1022 

Figure 11 - FT Joint Torques and Ground Reaction forces in walking on level and 1023 

sloped surfaces. - These graphs plot the values of the FT joint torques vs the ground 1024 

reaction forces during the 'stance phase' for all steps (Fx - direction of walking, Fz - 1025 

direction of gravity, Fy - lateral forces).  The torque values are normalized (all positive).  1026 

See text for Discussion. 1027 
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Figure 1 - Structure of Campaniform Sensilla of Stick Insect Hindleg Tibia and 1060 
Experimental Preparation 1061 
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Figure 1 - Structure of Campaniform Sensilla of Stick Insect Hindleg Tibia and 1065 
Experimental Preparation. A. Campaniform sensilla monitor forces through a dendrite 1066 
that inserts to a cuticular cap embedded in the exoskeleton. B. Scanning electron 1067 
micrograph of proximal tibia - The tibial sensilla are arranged in two spatially separated 1068 
subgroups (Groups 6A, 6B). C. Structure of cuticular caps.  i. The tibial Group 6B 1069 
typically has three sensilla with round cuticular caps, similar to the arrangement in 1070 
middle legs. ii. Group 6B also contains a variable number of other sensilla that have 1071 
oval shaped caps.  iii. Group 6A has two sensilla (one shown) with oval caps orient 1072 
close to parallel with the long axis of the tibia. D. Joint forces (torques) in freely moving 1073 
stick insects were derived from experiments using a small force plate inserted in a 1074 
walkway that could be tilted (previous study by Dallmann et al. 2019). E. Sensory 1075 
responses of the tibial campaniform sensilla were recorded in the femur while forces 1076 
were imposed on the tibia, including ramp and hold waveforms and waveforms of joint 1077 
torques from freely moving animals.   1078 
 1079 
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Figure 2 - Response properties of tibial campaniform sensilla of the stick insect 1081 
hindleg 1082 
 1083 

 1084 
 1085 
Figure 2 - Response properties of tibial campaniform sensilla of the stick insect 1086 
hindleg.   A. (left) - Bending forces applied to the distal tibial in the direction of joint 1087 
extension (movement resisted) elicited vigorous discharges of 6B sensilla during the 1088 
rising and hold phases and 6A receptors during the ramp decline; (right) ablation of 6B 1089 
receptors (right) selectively eliminated the discharges during the ramp rise and hold.  B. 1090 
Plot of mean firing frequency of all 6B sensilla during the hold phase to bending forces 1091 
applied to the distal tibia at different amplitudes in four animals. Discharges reflect the 1092 
force magnitude but vary with stiffness of cuticle.  C. Response to forces applied at 1093 
different rates of rise and decline. D. and E   Plots of mean firing during the ramp rising 1094 
phase show that 6B large sensilla encode the rate of change of force increase (D) and 1095 
6A receptors the rate of force decrease (E) over a range of force amplitudes.  1096 
 1097 
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Figure 3 - Torques and movements of the femoro-tibial joint 1099 
 1100 

 1101 
 1102 
 1103 
Figure 3 - Torques and movements of the femoro-tibial joint.  A and B.  The mean 1104 
forces (torques) at the femoro-tibial joint of selected steps used in this study (derived 1105 
from data set of Dallmann et al. 2019) vary according to substrate orientation: forces are 1106 
variable on a level substrate but provide propulsion (extensor torque) in walking uphill 1107 
and a strong braking force (flexor torque) on downhill slopes.   C. Joint torques of 1108 
individual steps in walking.  The torques of individual steps used in this study showed 1109 
variability and inflections in walking on level (left), uphill (middle) and downhill (right) 1110 
substrates.  D.  Joint movements.   i. The mean FT joint angle is consistently extended 1111 
over a relatively constant range during the stance phase of walking on all surfaces. ii. 1112 
Plot of FT joint torque and joint angle in a single, sample step. Many individual steps 1113 
showed substantial variability in joint torques but relatively constant joint movement. iii. 1114 
Plot of the mean joint angles in which torques occurred for steps used in this study. 1115 
Flexor torques tended to occur in ranges of joint extension while extensor torques were 1116 
found in ranges of flexion, although torques in walking on horizontal substrates were 1117 
variable. 1118 
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Figure 4 - Recordings of Sensory discharges to application of forces using joint 1119 
torque waveforms 1120 
 1121 

 1122 
 1123 
Figure 4 - Recordings of Sensory discharges to Joint Torque Waveforms - A, B. - 1124 
Walking on level surface.  6B sensilla fired in bursts that reflected fluctuations in both 1125 
the mean forces (A) and larger forces that occurred during individual steps (B). 6B 1126 
sensilla discharge during periods of force increase while 6A receptors fired when force 1127 
decrements declined to low levels.  C. Downhill walking - 6B sensilla fired more 1128 
intensely during the larger braking forces but discharges were inhibited when forces 1129 
fluctuated and briefly decreased even at high sustained levels. D. Uphill walking - 6A 1130 
receptors discharged to forces exerted in propulsion while 6B receptors discharged 1131 
when force decreases approached zero.  E. Controls - Identification of units derived 1132 
from subgroups 6B and 6A were based upon action potential size and confirmed by 1133 
selective ablations of cuticular caps of subgroups. Discharge to force increases (left 1134 
level walking step) was selectively eliminated by ablation of Group 6B (right) while firing 1135 
of Group 6A receptors persisted after the ablation.   1136 
 1137 
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Figure 5 - Sensory encoding of joint torques in walking on a level substrate 1139 
 1140 
 1141 

 1142 
 1143 
Figure 5 - Sensory encoding of joint torques in walking on a level substrate. Plots 1144 
of pooled data from tests of sensory responses to joint torque waveforms. i. Walking on 1145 
a level substrate - Force levels were relatively small in calculated mean joint torques (i) 1146 
but larger in individual steps (ii-v, see scale). In tests with net flexor torques (i-iv) 6B 1147 
sensilla fire to torque increases. The discharge frequency of large 6B sensilla 1148 
(histogram second trace) and all 6B sensilla (histogram third trace) occur as bursts that 1149 
do not follow the force level but instead reflect variations in the rate of change of force 1150 
(dF/dt line overlaid on second trace). In steps with net extensor torques, the 6A sensilla 1151 
more closely follow the rate of force increases, while 6B receptors discharge to force 1152 
decrements. 1153 
 1154 
 1155 
 1156 
 1157 
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Figure 6 - Sensory encoding of joint torques in walking on sloped substrates 1158 
 1159 

 1160 
 1161 
Figure 6 - Sensory encoding of joint torques in walking on sloped substrates. 1162 
A. Downhill walking - Firing of 6B sensilla reflects the rate of change of force (dF/dt 1163 
overlay line in second trace) and is inhibited by a transient force decrease in a single 1164 
step (right). B. Uphill walking - 6A receptors fired to force increases when walking uphill.  1165 
The discharge of the calculated mean torque (left) shows considerable adaptation, while 1166 
the firing in an individual step is completely inhibited by a transient force decrease.   1167 
 1168 
 1169 
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Figure 7 - Sensory discharges encoding of the rate of change of force (dF/dt) on 1170 
all substrates 1171 

 1172 
 1173 
 1174 
 1175 
Figure 7 - Encoding of rate of change of force (dF/dt) - A.-B.  Plots of firing 1176 
frequencies of large 6B sensilla at different rates of change of force (dF/dt) derived from 1177 
data in Figs. 4, 5) in walking on level surfaces (A) and uphill C. Similar plot of firing of 1178 
6A receptors in uphill walking.  D.  Pooled, averaged data on mean firing of all 6B 1179 
sensilla vs. dF/dt.  E. Summary plot of firing of 6B large receptors vs rate of change of 1180 
force on substrate orientations.  Large 6B sensilla encode the rate of change of force in 1181 
all substrate orientations.  (Animals N = 5, tests: Level n = 852, Downhill n = 1035, 1182 
Uphill n = 997)  1183 
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Figure 8 - Simulation of sensory discharges in walking on a level surface 1184 
 1185 

 1186 
 1187 
 1188 
Figure 8 - Simulation of sensory discharges in walking on a level  surface  Walking 1189 
on a level substrate - The model produced the same pattern of discharge of 6B 1190 
receptors to force increases in both the smaller mean torque (A) and larger torques of 1191 
individual steps that varied from the mean (B-E).  Similar patterns of firing of 6A 1192 
receptors to force decreases were also seen in simulation to force decreases.   1193 
 1194 
 1195 
 1196 
 1197 
 1198 
 1199 
 1200 
 1201 
 1202 
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Figure 9 - Simulation of sensory encoding of joint torques in walking on sloped 1203 
substrates. 1204 
 1205 

 1206 
 1207 
 1208 
Figure 9 - Simulation of sensory encoding of joint torques in walking on sloped 1209 
substrates. A. Downhill walking - The model generated firing of 6B sensilla in downhill 1210 
walking that reflected the rate of change of force. The inhibition that occurred to 1211 
transient force decrease was also reproduced in some but not all steps.  B. in a single 1212 
step (right). B. Uphill walking - In simulation, 6A receptors fired to force increases when 1213 
walking uphill.  The discharge of the calculated mean torque (left) shows considerable 1214 
adaptation, while the firing in an individual step is completely inhibited by a transient 1215 
force decreases.   1216 
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Figure 10 - Summary of Sensory Encoding of Joint Torques in Uphill and 1217 
Downhill Walking, including effects of small 6B sensilla 1218 
 1219 
 1220 

 1221 
 1222 
 1223 
 1224 
Figure 10 - Summary of Sensory Encoding of Joint Torques in Uphill and 1225 
Downhill Walking, including effects of small 6B sensilla - Plots of sensory 1226 
discharges and mean joint torques in  walking uphill  (Fig 10A) and downhill  (Fig 10B). 1227 
All sensory discharge are maximal and mostly limited to the rising phase of the force 1228 
and do not simply reflect the force level, even at high force application. Different 1229 
subgroups of sensilla are active  in walking uphill vs downhill. The effects of the small 1230 
6B receptors (Fig 10B) were calculated by subtracting the firing of large sensilla from 1231 
the discharges of all sensilla in downhill walking. Small sensillum firing is relatively 1232 
constant above threshold and provide a signal of sustained force development, although 1233 
it limited to the phase of force increase.   1234 
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Figure 11 - FT Joint Torques and Ground Reaction forces in walking on level and 1235 
sloped surfaces 1236 
 1237 
 1238 

 1239 
 1240 
Figure 11 - FT Joint Torques and Ground Reaction forces in walking on level and 1241 
sloped surfaces. - These graphs plot the values of the FT joint torques vs the ground 1242 
reaction forces during the 'stance phase' for all steps (Fx - direction of walking, Fz - 1243 
direction of gravity, Fy - lateral forces).  The torque values are normalized (all positive).  1244 
See text for Discussion.  1245 
 1246 
 1247 
 1248 
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