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Abstract Methods Results Results

This work details the development of a neurorobotic model of the stick insect femur-tibia and « Simulation constructed in Effect of Sensory Neurons on Motion Higher level desDUM excitiation, no inhibition
coxa-trochanter joint control networks in order to investigate how reinforcement mechanisms (i.e. ‘positive Animatlab 2 (Cofer et al. K i

feedback') may give rise to stepping that can be controlled by simple descending commands from the head 2010)
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Most drastic change to joint motion
occurs when inhibiting the flexion

ganglia. We describe the development of our model using mappings of the non-spiking interneuron (NSI) 5 10 ! '
« Higher level stimulus position neurons, 3 . ' e
joint control network for the extensor muscle of the femur-tibia joint. We extrapolated connectivity for the excites the desbUM 2 s . ' v
femur-tibia flexor based on known biological responses, then combined this model with a stepping controller| neuron, which Iniiates + When combined with some £ N . ﬁ L
to control a robotic limb. We present experimental data from selectively and asymmetrically inhibiting the Wa‘mg' by degree of velocity inhibition, g 4o £ ' A A 1ol
network's sensory afferents corresponding to the femoral chordotonal organ (fCO) and observing the reflexe: effect becomes more 33 : L .
of the simulated joint to a ramp-and-hold-and-release stimulus in coupled and decoupled * Exciting the pattern pronounced ,—ﬁ. L o i
scenarios. Inhibiting the network's flexion position and velocity afferents enacts a reflex reversal in the FTi generating networks « Cases involving high é 0 . v ' MN
joint from the resistance reflex (RR) to the active reaction (AR) in response to joint flexion. and motor-neurons inhibition of flexion position & e . | |
We also present the results of the network when controlling a robotic limb to describe the effects of this (MN) in each joint and velocity resultinginno 8 & 2 H [ —
“reflex reversal and additional descending inputs on stepping. Our findings suggest that descending « Inhibiting sensory reaction to joint flexion I 1 1 1
interneurons, which receive load feedback, can act upon motor neurons, pattern generators, and sensory afferents to create < <z [ AN - "«AA{*\J\W
This mechanically decoupled s A ! > )
afferents together to sustain steady locomotion, which can be initiated or halted by brief, transient reflex reversal g 3 19 12
d d Is from the head ganglia. Using th " t mech ble to prod response resembles motion £ G T R R A N R T
jescending signals from the head ganglia. Using these reinforcement mechanisms, we are able to produce + Network receives characterizing the active reaction & xian W ] w | “
and maintain rhythmic stepping in a robotic limb. Removing portions of this feedback loop or creating a large| + position and veloc Figure 7:trin feedback from the s is ntegral to niating and maintaining stepping
enough disruption halts stepping. We conclude by discussing why the nervous system might control joint feedback iror’n th"e Fyn In cases where the network Joint strain without higher level DUM stimulation
behavior i this manner, as well as how to apply these findings to generalized nervous system understanding . 00 0 B 100 only receives strain @ )
« Strain feedback from | | Figure 5 shows the reaction of the Extension Inhibited Flexion Inhibited v . e
and improved robotic control. feedback without higher : [
the trochantofemur | | Joint to the stimuli used previously, Velocity Balance el 2 s
- « E type and | type NSI but with high inhibition of flexion w0 R * level desDUM stimulation, H Dane | o
Introduction by bostion and position and velocity afferents. Both € N . the resulting limb motion o [
One feature of the nervous system that makes animals so adaptable is their ability to process sensory excited by position an: the mechanically decoupled and H can vary (Fig. 8). I e
information in a task- or context-dependent way. One example of this processing is the apparent “reflex velocity sensory neurons coupled responses resemble w0 A * * * * « Small amounts of applied %é;n Tpsarrange | o i s Tl
reversal" of insect joint control reflexes. Stretching of the femoral chordotonal organ (fCO) (signifying joint and delayed inhibition motion characterizing the active Figure & o o || Strain resultin only sight - > o [
flexion) in an insect's femuir-tibia (FTi) joint will esult in from spiking Teaction (AR). tretchin for lifferent combinatons ofinhibited sensory newrons perturbation of the imb. 3% el 2 morem [ Worem
interneurons. 3852 SRl . N
« Aresistance reflex (RR) that attempts to halt the joint motion while standing. - ot it case (esonpsiton andvlocty afretsnhiied) TheMNsarefully  23° 1 [ N pe 8
+ NSl synapse onto the MNs oo exerion N ' :

+ An active reaction (AR) where the muscles allow the flexion to proceed while actively walking. for mve F? controlling the activated, but the 5 0 s R R
Several studies have hypothesized the importance of the groups of non spiking interneurons (NSI) between \ mechanical joint via ot T o e e voltage is not enough 15c : "E A A AN
the sensory neurons and the slow extensor tibiae motorneuron (SETi) for this behavior (Sauer et al. 1997, \ {e)CTr Joint Control non-spiking 1 to begin rhythmic G- - / /
Driesang et al. 1996). They suggest that the nervous system may switch between the RR in the resting state N 7 B J -] oscillation N [ mcomm LR
and the AR in the active state by selectively inhibiting or disinhibiting fCO afferent cells NN PRCLES e || functions simiarly to « Larger strains can force :E _Em x?ﬁw E 3 :\
What mechanisms in the nervous system could cause modulation of the sensory afferents? Several studies N o @ echanca Decouping —- Yewomechanical | tho £Ti, with own set of stepping In the limb e T T e b
seem to indicate the importance of populations of descending dorsal unpaired median (desDUM) neurons, a N~ . dual interneurons without higher level P . 5 w5
major cellular source of octopamine (homolog to noradrenaline) in the gnathal ganglion. Octopamine has desDUM excitation Figure : Depending on the magnitude, apledsra wit o otfer simulation ofthe
previously bTengfgo;nd tchmodulate‘thfgacnw(y of"sensory cvgans;uclhka‘%hthedfc(fl (Br;aumg et a\‘ 1998} Reflex reversal effects ’ e
Ramirez et al. 1993, Matheson et al. 1997), as well as increasing the likelinood of reflex reversal (Buschges et | f (o0 o0 @ during stepping

al. 1993, Stolz et al. 2019). It seems reasonable to assume that octopamine from the desDUM neurons
contributes, in part, to reflex reversal in the FTi joint. Octopamine has also been observed to play a part in

mechatronic robot leg
for the network to

obes Figure 9 shows the "
. effects of stepping B e

stimulating locomotion (Emanuel et al. 2020). If octopamine increases walking activity in the thoracic ool e Bl I SO " i :
ganglion, then the desDUM neurons potentially also activate the CPGs, and perhaps the MNs directly as well 0 | o o without sensory ¢ " A A '
« Includes strain Figure 5:Joint response to amp stimulus whie the flexion positon and velocity neuron afferent inhibition. 3§ ¥ 1 W X Y LY f‘ :
The exact inputs to the desDUM are unknown. Studies have shown they recieve input when the abdomen, im0 the netmork eroups have been inhiited. I the RR, the limb is £ - * FOLN \ :
antennae, or parts of the legs were stimulated (Mentel et al. 2008, Stolz et al. 2019). This without complen A L ) . ’ n(be‘  the mb s / :
behavior points toward the desDUM neurons receiving inputs corresponding to the strain of the leg, likely miation [openci Positive in initiating, “’;ZI:S;: °°:“D ete b wrm |
: vi i _F :
from campaniform sensilla (CS) load sensors. computation In each test, the only stimulus entering Joint strain and higher level DUM stimulation This data sui’;ois our »E 92f { /\/WU\ |
st \ G ) the network s to the desDUM neuron hypothesis that reflex $3 o A UL A
To investigate how these specific lower level systems give rise to walking, we present a neural model based train gauge is locate ) - P ; J_%ﬁ V] | 2 of \ :
on circuits that control insect FTi and CTr joints and used it to control a robotic limb that is dynamically at the proximal end of Figure 6 shows the activity from baseline 6 reversal 3;5‘5‘: :
similar to the insect. Our findings suggest that inhibiting the flexion position and velocity sensory the trochanterofemur stepping. S_ Sgepp"‘”g z“: anging Pre s ypweEn P E pmmen
afferents can cause a transition from a resistance reflex (RR) to an active reaction (AR) response to fCO (Fig. 2(c)) + Externally applied stimulus at two seconds 5 2 "e: lowable motions ) :
elongation. We also explored the higher level mechanisms the nervous system might use to transition into « Strain signal is filtered [O-vevice  [ll-Actvators [ - lectronic Device excites the desDUM neuron, beginning ] 2 of the joint. Figure 9: Inhibition proper stepping of the leg.
the AR in the manner we describe, as well as initiate and sustain walking. We demonstrate that our network to mimic the discharge [J-software [ strai Gauge — -Oata orpower Trnste |~ stepping o ) -
can initiate, maintain, and halt stepping in the robotic limb with a combination of sparse descending dynamics of e 2: The rabotic b used to test our « Each time the tarsus impacts the ground, the = 12 scussion
commands mediated through a neuron representing populations of desDUM in the insect and biologically campaniform sensilla simulated network resulting strain excites the desDUM B Our data seems to imply:
encoded strain feedback. These results support our hypothesis that two ‘positive feedback’ mechanisms, « Keeps the membrane voltage withina & & £ 4 « The nervous system may actively modulate the lowest level sensory afferents in order to alter motion
e. the AR and load feedback reinforcing stepping through desDUM excitation, are each necessary but Results range of excitation to continue stepping = 2 and control. Sparse descending commands could reduce latency through the distributed nervous system,
insufficient to maintain locomotion. Baseli . hich could table and capable walking for rapid insect walki
aseline which could ensure stable and capable walking for rapid insect walking.
Normal case (no afferents inhibited) W oreion leenson | " B -Flex
Method . decoupled ' Figure 7 shows the effects of both joint strain & & 2 & || * The nervous system seems to use reflex reversal to define constraint forces instead of active motion
ethods case: limb rapidly extends o o . rmeaenson | | and desDUM modulation on stepping 23% | /‘\[\ forces, These constraints allow the joint to resist undesired movements from external forces while allowing
ingaky — — when it receives stimulus "} L * Without strain excitation the leg will only & £ A X /\ assistive external forces to move the joint. Insects may adopt this counter-intuitive control scheme to reduce
=10 o R A diture, which is critical for a living organism.
integrators: model for spiking neurons: corresponding to fCO : step until the desDUM neuron voltage decays energy expen 3
c ‘T\l’ IR [ Follows Eq. (1) with condition: i V=8 then V{t) 3 E elongation (flexion). Zuw : o past a certain threshold. PR m-flex [| + Sensory feedback driven reinforcement mechanisms (positive feedback in biological literature) may
where: " where: 0= threshold value ' « Mechanically coupled case: £ § « ) * With strain providing positive feedbackas 3 S5 “¢ || reduce control complexity by allowing for distributed, low level management of behaviors. Brief
1, = externalstimulus V= membrane voltage When aneuron spikes, G set o G_, then decays accodingto limb oscillates between £ o : o intended, an inhibitory stimulus to the g3t /\/\/\/\/\/\/\,\ descending input signals can initiate a behavior, then the inputs added by lower level feedback will attempt
13 € oo ep e %, small angles of flexion and & = = 10 e desDUM neuron is necessary to halt walking ~ ~ = ot v o [ to maintain the behavior automatically. f the system seems to have failed" (i.e. feedback no longer
L] extension throughout the 5+ 5 : s « Applied at 16 seconds in our baseline _ present), the lack of further inputs will automatically halt the behavior. Similarly, strong enough feedback
where: T, = synapse time constant applied stimulus. =5 : case H can rapidly initiate helpful behaviors without any higher level inputs.
Both of these behaviors 1 : 1 5
Tt mechanics governed by equation of motion: resemble the RR. RSN . : . * Once applied, the joint passively returns 2 EH In insects, the mechanisms of communication between the *higher level command centers' (HLCC, e.g. the
bt etk 0 . : . to equilibrium position over time. e [ cerebral and gnathal ganglia) and the low level motor centers' (LLMC) i the ventral nerve cord (VNC) are
0 ifV,.<E, where: Snerte x iom S o e | | e without (h\‘s inhibition, ;hedstramwwl\ o largely unknown. Specific questions include: What types of information are shared between the brain and
G, =max synaptic conductance V= membrane voltage e o ENEMEEDCLETEE S e Figure 3: Joint response to ramp stmul ponding to joit continuously maintain the desDUM neuron — VNC by descending neurons and ascending neurons? What do these pathways encode? What are their
i e = gure 3: Joint response to amp simuli corresponding o ot flexion ure 6: Through a combination of stain feedback and higher level
E,= synapticthreshold €, = synapic saturation s e e int 2t speets | aferents (mechanically coupled) or does| "™ hing of e 0 s ot eierion ctnstonf e €01 voltage, allowing the leg to continue DM neson mton aut network cn genere bty || neuronal downstrearm targets? The present study begins to address these questions. Our model may

not decoupled).

stepping plausile walkng. improve understanding the nervous system in general and lead to new robotic controllers
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