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Caterpillar locomotion - a new model systemCaterpillar locomotion - a new model system

• Locomotion is very versatile (climbing in complex branched 
environments, burrowing) but stereotypical and slow (easy to capture and 
analyze)

• Muscles are discrete functional elements not “antagonistic blocks”
organized very similar to adult arthropods and vertebrates 

• Direct CNS to muscle relationship, 1 MN per muscle, muscles are 
mapped, all major motoneurons identified. All sensory neurons are 
peripheral. 

• Modular organization of segments (simplifies analysis)
• Completely soft-bodied, stiff hooks used for gripping but not for any other 

other part of the locomotion 
• Scalable (mass changes during growth 10,000 fold) 
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Manduca sexta

5th Instar, 8cm long, 5-8g
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Kinematics of soft-bodied movementsKinematics of soft-bodied movements
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HeadHead

ThoraxThorax
AbdomenAbdomen

ProlegsProlegs

Kinematics of Manduca crawlingKinematics of Manduca crawling

Terminal body segmentTerminal body segment A4 body segmentA4 body segment
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Different modes in different segmentsDifferent modes in different segments
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Mapping segmental 
muscles in Manduca
Mapping segmental 
muscles in Manduca
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6.4 lengths s-1

VIL, sinusoidal work loops, 0.25 to 8 Hz
? passive ? under tetanic 30 Hz stimulus 
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0.2 lengths s-1 0.4 lengths s-1 0.8 lengths s-1

1.6 lengths s-1 3.2 lengths s-1 6.4 lengths s-1
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Pre-conditioned carbon-black reinforced 
natural rubber specimen

Pre-conditioned carbon-black reinforced 
natural rubber specimen

From: Dorfmann, A., Trimmer, B. A. and Woods, W. A., Jn. (2006). 
A constitutive model for muscle properties in a soft bodied arthropod. J. R. Soc. Interface

Constant velocity uniaxial loading and unloading
(pseudoelastic responses)
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From: Dorfmann, A., Trimmer, B. A. and Woods, W. A., Jn. (2006). 
A constitutive model for muscle properties in a soft bodied arthropod. J. R. Soc. Interface in press.

Pre-conditioned carbon-black reinforced 
natural rubber specimen

Pre-conditioned carbon-black reinforced 
natural rubber specimen

Pre-conditioned Manduca muscle (VIL)Pre-conditioned Manduca muscle (VIL)

2

Constant velocity uniaxial loading and unloading
(work-softening )
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From: Dorfmann, A., Trimmer, B. A. and Woods, W. A., Jn. (2006). 
A constitutive model for muscle properties in a soft bodied arthropod. J. R. Soc. Interface in press.

Strain specific work softening …….Strain specific work softening …….
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Muscle is a multi-state materialMuscle is a multi-state material

Nerve-muscle preparationNerve-muscle preparation

Passive state Stimulated state
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Numerical model: Manduca muscleNumerical model: Manduca muscle

Experimental data (left) and numerical data (right) for pre-conditioned loading-unloading 
response of Manduca muscle in passive and stimulated conditions.
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From: Dorfmann, A., Trimmer, B. A. and Woods, W. A., Jn. (2006). 
A constitutive model for muscle properties in a soft bodied arthropod. J. R. Soc. Interface in press.
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EMG wires EMG wires

EMG wires

Neural control of the crawling motor patternNeural control of the crawling motor pattern

DEM

VIL
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VIL

DIM

Dorsal and ventral muscles co-contractDorsal and ventral muscles co-contract
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VIL

DIM

VIL

DIM

DIM EMG

VIL EMG

Dorsal and ventral motor 
activities are in-phase
Dorsal and ventral motor 
activities are in-phase
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VIL (a3)VIL (a3) VIL (a6)VIL (a6)
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Intersegmental phase delaysIntersegmental phase delays
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Conversion of 
the EMG to 
motor neuron 
spike frequency

Conversion of 
the EMG to 
motor neuron 
spike frequency

Burst timing 
relative to muscle 
length

Burst timing 
relative to muscle 
length
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“Kinematic” work loop (1)“Kinematic” work loop (1)
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Stimulus timingStimulus timing
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Stimulus durationStimulus duration
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Increasing duration, 
20 Hz stimulus 

Increasing duration, 
20 Hz stimulus 
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Manduca behavior

Neural control
/motor, sensory Kinematics/Dynamics

Electronic controller

Building a soft-bodied robot modeled on Manduca sexta

Manduca biomechanics

Muscle/Tissue 
propertiesStructure

Virtual caterpillar

Body/actuator materialsShape/structure

Robot assembly

Robot performance

FEA/materials modelsFEA/materials models

SMA, EAP, Silicone, 
Biopolymers fiber composite 

SMA, EAP, Silicone, 
Biopolymers fiber composite 

CPG, neural net, 
Biopolymers fiber composite 

CPG, neural net, 
Biopolymers fiber composite 

Movement optimization

Genetic algorithms Genetic algorithms 

Polymer casting, fiber fabricsPolymer casting, fiber fabrics

EMG codingEMG coding Motion/force dataMotion/force data 3D scan/sections3D scan/sections TensormeterTensormeter
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Developing a processDeveloping a process Construction of SoftbotConstruction of Softbot

Shape-memory alloy (SMA) 
spring actuator

Shape-memory alloy (SMA) 
spring actuator

Daniel Rogers - 2005
BREEM summer Fellow

Daniel Rogers - 2005
BREEM summer Fellow

Dragonskin™ elastomeric
body wall

Dragonskin™ elastomeric
body wall

4Offboard controllerOffboard controller

Body assemblyBody assembly

OPA 548TOPA 548T

Analog switchAnalog switch

SMA

Design of SoftbotDesign of Softbot
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Softbot : Learning to crawlSoftbot : Learning to crawl
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Outline of the control systemOutline of the control system

~ ~ ~CPG Non-linear oscillators
Auke Jan Ijspeert

A6 EMG

A3 EMG

A3 motion

FM 
pulses

SMA work cycle 4

Initial control 
hardware

Initial control 
hardware

Steve Warren (BREEM)

Universal, Segmental 
or Actuator

Master Frequency
(cadence of crawl)

On/Off or Invert
Phase Shift, 

Pulse Duration

6 Segments 
x 12 Actuators 
oscillator array

Coupled Signal 
(Pulse duration,

duty cycle)

DAQ
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Nitinol actuators as “smart” materialsNitinol actuators as “smart” materials

75% duty cycle75% duty cycle

50% duty cycle50% duty cycle

25% duty cycle25% duty cycle
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