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State of the Art of Hard Robotics
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Collaborative Robot

Rethink Robotics, The Baxter & Sawyer

= - o -
Kawada, Nextage ABB, YuMi Fanuc, CR-35iA

Soft Robotics

Emerging research field that focuses on the transformations in
robot mechanisms and control by

leveraging the unique properties of soft materials.

(not limited to fully soft-bodied robots)

[Steltz et al, 2009] [Trimmer et al, 2006] [Morimoto efff/54#018]
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I" [Suzumori et al, 1989
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Use both “hard” and “soft”

= Right material for the right job, expanding design options

— From metals to elastomers, from single materials to composites

soft-bodied robots rigid robots

Soft Robotics
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Hard vs. Soft

Classic Hard Actuators Soft Actuators
= Assembly of rigid rigid bodies = Soft material with embedded structure
= Output: Rotation, translation = OQutput: 3D Deformation, especially
= One of the components: bending and contraction
Actuator, transmission, and effector = Actuator and body is fused
= Powerful, large machines = low output force, small
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Soft Materials, Soft Structures

= Soft material: elastomer, gel, fluid (water, oil, air)
= Soft structure: thin (film, fiber), foamed
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Thread: soft

Block: hard
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Function of Softness
= Deformation

— Safety

— Adaptability

— Store and release elastic energy, entropic elasticity

e
Inflatable Arm Jamming Gripper Crawling and Jumping Soft Robot
[Sananetal., 2011] GEMPIRE [Matsuyama, et al., 2007]
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Advanced Functions

= Transformation
— Phase-transition, jamming transition
— Growth, self-healing
— Biodegradable, edible
= Embodied Intelligence
— Morphological Computation: memory, generate time series data
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Textbook: Science of Soft Robots

1. Introduction ,'

PART | Design of Soft Robots
2. Soft Mechanisms

3. Biological Mechanisms o

4. Soft Manipulation and Locomotion 'l’h

PART Il Soft Materials

5. Basics of Polymer Of SOft
6. Biological material

7. Flexible and Stretchable Electronics and Photonics RObOtS
8. Soft actuators

PART Il Autonomous Soft Robots

9. Modeling and Control of Continuum Body
10. Material Intelligence

11. Information Processing using Soft Body Dynamics Koichi Suzumori, Kenjiro Fukuda,

Ryuma Niiyama, Kohei Nakajima Ed.

“The Science of Soft Robots”
(Springer, 2023)
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Make:
Soft Robotics

hﬁ
oo by (40 10
Matthew Borgatti, Kari Love

“Soft Robotics’
(Make Community, 2018)
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Collection of academic papers
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ROBOT ARCHITECTURE
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Body Plan
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[Zuniga et al., 2015]

Bio-inspired Soft Robots
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Locomotion

= “Artificial” Locomotion
— Wheel, Continuous Track
— Jet Propulsion (gas)

= Terrestrial locomotion
— Legged
— Limbless crawling: snake, snail
— Rolling: caterpillar
= Aerial Locomotion
— Flapping: bee, bird
— Gliding
= Aquatic locomotion
— Flotage: water strider
— Swimming : fish, eel, dolphin, salamander, penguin
» Undulation
« Fin
— Jet Propulsion: squid, octopus, cuttlefish
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Musculoskeletal System
Endo-skeletal System wa Exo-skeletal System &%
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The First Steps of a Robot Based on
s ing Skin Enabled L p

Annan Mozeika
Erik Steitz
Heinrich Jaeger

iRobot @D
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Digital Fabrication

= Making Robots with 3D Printer

Kawada Robotics, Nextage

Hack Rod by Primordial Research Project, Autodesk,
and Bandito Brothers, 2016.

Stratasys Objet24
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Jamming

= Granular, fiber, layer/laminar, beads
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MUSCULOSKELETAL ROBOT
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Human Musculoskeletal System

= Muscle-Tendon Complex (MTC)

— Mono- and multi-articular muscles

— Very difficult to emulate MTC in electric motors

Bi-Articular
AF Muscle

s s’

ot —
el
oo

s

VAS} H
() Independently driven Joints  (6) combination of mono-articular
with mono-articular muscles  muscles and bi-articular muscles
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Pneumatic Artificial Muscles (PAM)

Braided-fiber

E ﬂ- Fiber-reinforced PAM Family

Small-diameter PAM
McKibben Muscle, 1957 [Suzumori et al., 2011]
General

==

[Hirai et al., 2001] [Krishman, 2015]

HivE

Pleated PAM [Nakamura et al., 2009]
[Daerden et al., 2001]

Rubbertuator

Bridgestone Hitach Arm
[Noritsugu et al., 1995

Parallel-fiber

Warsaw-type, 1968 WAP-1, 1968

Actuator

= Actuators are Energy Converters
— Output mechanical energy
— The input energy can be anything
— Controlled by information

34
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Actuator Comparison

= Challenges of Soft Acuators:
small displacement, slow, low durability, poor availability
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stroke response

[Huber et a, 1997] [Granosik et al, 2005] [T, 1984] [Zupan et a, 2002] [Bel et al, 2005]
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Open Soft Machines

http://opensoftmachines.com

a pi
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Fiber-reinforced Pneumatic Muscles

General

[Krishman, 2015]

Braided fiber Parallel (axial) fiber
a =
§ '
¥ v 3
McKibben Muscle, 1957 Rubbertuator ~ Small-diameter PAM Warsaw-ype, 1968 Pleated PAM [Nakamura etal,, 2009]
[Noritsugu etal., 1995] [Suzumori etal., 2011] [Daerden etal., 2001]
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Output Work of FIuid{ic Actuators

= Pneumatic Cylinders
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Shape Memory Alloy

SMA

— Ni-Ti Alloy

— Products: Nitinol, Muscle Wires, Flexinol, and BioMetal

— Binary, nonlinear, and hysteresis because it is based on crystalline phase transition

GRE
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— Becomes a superelastic spring when heated

e m —

high temp. )
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Stress
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Strain [Dadbakhsh et af., 2014]
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Shape Memory Polymer (SMP)

= SMP
— Principle
« Shape recovery by entropic elasticity when heated above the glass transition temperature Tg.
« Shape recovery by heating above the melting point Tm, blended with a material with a low
melting point.
= Crystalline polymer formed with stretching
— Not like SMA, it works by softening
— One-time motion: Shrink tube/film
— Actuator: Rubber band, Twisted and Coiled Polymer (TCP)

[Haines et al., 2014]
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&:5(1).25 slow motion

Niiyama et al ., 2010]

44

Musculoskeletal Robots
2011-2013

2002-2010 2014-present

- et al., ICRA 2009 WS} 1 l l I ra et al, ROBIO 2018]
[Niiyama et al, ICRA 2007]

Niiyama et al , 2010] [Nishikawa et al,, 2014]
[Niiyama Et al., CLAWAR 2009iNishikawa et al, AMAM 201Hjita et al, ICISIP 2017]

R ¥ A

[Nishikawa et al, AMAM 201 1|Vamada et Lﬂ IROS 2011]
[Nishikawa et al., ICRA 2016]

[Niiyama et al, 2012] - [Nishikawa et al, Humanoids 2015]
[Niiyama et al, Humanoids 2010]

Remote handshake robot

[Chen et al, ROBIO 2017)

Ars Electronica 2009

[Ushigome et al ., VRMM 2010] [Ishii et al., IROS 2018]
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Approaches to Human Motor Skills

Embodied Layer Controller and Planning Layer

= Biomechanics = Well-defined movement
= Passive Dynamic Walking e.g. bipedal locomotion
= Sensory-motor coupling = Torque, Angle, Posture
= Uncertain environment
= Emergent behaviors

&
ASIMO Atlas Digit

sre

‘\

WAP-1 Denis (TU Delft) Athlete Robot
[Katoetal. 1972]  [M. Wisse etal. 2005] ~ [Niiyama etal., 2010]
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CONTINUUM ROBOT ARM
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= FRE

Continuum Robot Arm
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Elastor [Hirose+, 1983]

STIFF-FLOP [Ranzani+, 2015]

OctArm [Walker+, 2006]

History

1960 1980 1990 2000 2010
[ &~ B <P ¥
Hydraulic Active Catheter 0CT0PUS Series I, X125 Honeycomb. Super Dragon

Minsky Bennett Arm ram
[Minsky, 1968] [Ma+, m:] [Ikuta+, 2003] [Laschi+, 2011]  OC Robotics, 2014 [Jiang+, 2016] [Endo+. 2019]
- o
o\ o~ “
ETE— -y { Seham pialGipper
Micro Active Catheter Lyerjamming  STIFFFLOP  [Dong+.2017)  [Uppalapati+, 2018

[Honma et al. 1984]

Tensor Am [\mmggio oos) [MrMaha\H o00s)
ndron o, 1960 a [E
Elastor(ACH-7)  Inspection Robot -

[Hirose+,1983)  [Asano+.1988) SMA Active Catheter  Concentric Tube
[Haga+, 1996]  [Webster, 2006]

[Kim+.2012]  [Ranzani+, 2015]

E Gacomettiam _Plantinspired
[Takeichi+, 2017]  [Sadeghi+, 2017]

Growhose |
[Tsukagoshi+, 2011)  Inflatable Am
Otherlab, 2014 ‘

[ikeuchi+, 2009]

BionicMotionRobot  Vine Robot
Feso, 2017 [Hawkes+, 2017)
SHMA Active Endoscope
[kuta+, 1988] Polymer Acuator Granularjamming ] ;
[Sewa-+, 1998] Octhim [Cheng+. 2012] o) D,
NASATendril  (walker, 2006] .

[Mehling+, 2006] | -
Sanding Am BionicSofthm
Pneubotics, 2016 Festo, 2019

Bionic Handling Assistant
festo, 2012
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Soft Skeletal Sytem

= Muscular Hydrostat
BHRASERE
— Muscle-filled hydrostatic
skeleton

= Hydrostatic Skeleton
BT EE
— Fluid-filled bladder surrounded
by muscles

circular muscle longitudinal muscle

longitudinal muscle helical muscel

fluid-filled cavity radial muscel

51
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Elephant’s Trunk

Continuum Arm

= Muscular Hydrostat
RSB
— Muscle-filled hydrostatic

skeleton Mobile Platform

L

A
flidfledanty

OC Robotics MiRoR Project

2024/10/04
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= EPAB (Exte

[Yukisawa et al.,

Extensible Soft Actuator

nsible Pneumatic Actuator with Bellows)
ROBI02017]

Related Works

Mckibben PAM
(a>5473%)

Inverse PAM  Pneumatic Reel Actuator Continuum arm
[Hawkes+, 2016]  [Hammond+, 2017]  [Ansari+, 2017]

Hydru Muscle  Elastomeric Dngam\ Shell remforced
[Sridar+, 2016]  [Martinez+, 2012]

rAgarwa|+ 20161

[Yukisawa et al., ROBIO 2017]

Ce'l'ng Contlnuum Arm [Yukisawa et al., RoboSoft 2018]
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Throwing a ball

Pulling out an umbrella

55
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Maze Tasks (feedforward control)
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Hybrid RobOstrich Manipulator

| -.-&;&a—-—‘-“““

htps:/www.youtube.com/watch?v=KL6ZmghG-z8
[Manome et al., 2024] 57
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INFLATABLE ROBOTS

57
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Rubber balloon

Foil balloon

Inflatables

Inflatable castle

Swim ring
= ——

Hot air balloon

Inflatable boat

Wacky waving tube

Inflatable dome

59
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Inflatable Robots

Robots using a membrane structure supported by internal pressure.
Large, lightweight, and can be folded by deflating.

Inflatable robot arm, Otherlab, 2011

Inflatable arm [Sanan, et al., 2011]

L&
= ’ ?\b
Soft upper body [Alspattt 2015]

Inflatable arm, iRobot, 2012 Vine-inspired robot [Hawkes+, 2017)

Isoperi.memcso robot [Usevitch+, 2020]

Baymax, Disney, 2014 King Louie, Peubotics [Best+, 2015]

2024/10/04

Why membrane-based robots?

= Fabrication Challenges of 3D Soft Robots
= Start from 2D: compact, affordable, ease of production

Raise the dimension from 2D to 3D

Layering: 3D Printing
~
FOM a

Stereolithography

Folding: Origami Robots

Blowing: Inflatable Robots

Origami Robot [Felton et al. 2014]

61

WPI-CMU team
Atlas robot with inflatable suit

60
Baymax from “Big Hero 6”
|
R &
l\\»
/e
62

63
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Inflatable Joint

= Blower-powered Soft Inflatable Joints [Seong et a/, RoboSoft 2019]

— Active control of the internal pressure
— Driven by tendon wires pulled by linear actuators
— Theoretical models for both unilateral and bilateral joints

Theory of thin-walled cylinder

= Axial stress and circumferential s&ess
fL o

— Area under pressure @ .~ _ PR LY
P : \ &N 6. r=rvi Prs
TR2
2t R
er
2 R
66.- bez 102
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Physical Human—Robot Interaction

64
Inflatable beams subjected to bending
M
TJ , gy 4%
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D ek
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pHRI (physical human-robot interaction)

= Inflatable Humanoid Robot, 6 DoF

Inflatable body

wires
Base box for actuators

Avatar Application

SN ;"

P il

Wll!!

[Niiyama et al., IJAT 2023]

Background Technologies

= Tendon-driven inflatable joint
= Gestures by deformation
= Embedded sensors

Possmle gestures
\E_‘ Y |
2 A
| i
W ol
| W vt | | S et ]

! ! 1
| |

Tendon-driven inflatable joint in different scale. Capacitance-based tactile sensor on the shoulder.
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Summary

= Softness expands the possibilities of robotics
— Deformation and transfromation

— Continuum Body
— Soft Body Plan

71
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