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= Why soft?
= Musculoskeletal Robot
= Continuum Robots

Topics
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Industrial Robot Arm

MITSUBISHI
ELECTRIC

https://epson.com/industrial-robots-factory-automation
https://www.fanuc.co.jp/ja/product/robot/f_r_large.html  https://www.yaskawa.com/products/robotics/robots-with-iec/articulated-robots https://kawasakirobotics.com/jp/ https:/www.mitsubishielectric.com.au/product/robots/
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State of the Art of Hard Robotics

= Trajectory planning + MPC (Model Predictive Control)?

,( ‘ -‘\é“!g\\‘\:; i\

Boston Dynamics
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Collaborative Robot

Kawada, Nextage Fanuc, CR-35iA

Amoeba-like Locomotion

= Limitations of rigid body mechanisms
— 32-legged robot “Mochi” [kujirai et ar, 2018]

.

FREE FORM LOCOMOTION
COMPARED WITH DISCRETE ROLLING LOCOMOTION
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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)

[Shepherd et al, 2011] [Steltz et al, 2009] [Trimmer et al, 2006 [Morimoto e‘l‘ 01§

Meshworm [Seok, et al, 2012] I, ‘ ietal, E::\ [Suzumori et al, 1989
\

Use both “hard” and “soft”

= Right material for the right job, expanding design options

— From metals to elastomers, from single materials to composites

cheek konnyaku, eraser cedar concrete glass
marshmallow s
& = &8
jelly Y % rubber band § rubber tire 3§ i !
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elastomer wood
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
= Qutput: Rotation, translation = Qutput: 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

14
Soft Materials, Soft Structures
= Soft material: elastomer, gel, fluid (water, oil, air)
= Soft structure: thin (film, fiber), foamed
cross-link molecule molecule of gas ; air bubble air gap
| 1
- =5 Aty
/; 4‘\’ f\:')"'%’f /7 |
Nylon ?&&Q} \%ﬂg‘;{)ec :
MoK SO SIS
== ,
= |
= |
- |
Block: hard Thread: soft :
i
rubber air
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Function of Softness

= Deformation
— Safety
— Adaptability
— Store and release elastic energy, entropic elasticity

Inflatable Arm Jamming Gripper Crawling and Jumping Soft Robot
[Sanan etal., 2011] eEMP|RE [Matsuyama, et al., 2007]

nnnnnnnn
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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

17
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Textbook
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Textbook: Science of Soft Robots

1. Introduction

PART | Design of Soft Robots

2. Soft Mechanisms

3. Biological Mechanisms

4. Soft Manipulation and Locomotion

PART Il Soft Materials
5. Basics of Polymer
6. Biological material

Sencg
of Soft

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

PART Ill  Autonomous Soft Robots

9. Modeling and Control of Continuum Body

10. Material Intelligence

11. Information Processing using Soft Body Dynamics

Robots

] Springer

Koichi Suzumori, Kenjiro Fukuda,
Ryuma Niiyama, Kohei Nakajima Ed.
“The Science of Soft Robots”
(Springer, 2023)
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| Make:
Soft Robotics

Matthew Borgatti | Kari Love

Matthew Borgatti, Kari Love
“Soft Robotics”
(Make Community, 2018)

'1-

SOFT ROBOTICS

e IN REHABILITATION
i [ Microscale P ;
Reservoir e %:)ef[t] ggboucs. gpftR bo»t.lfvs

Computing

| Motivations,
Pro?ress, and
Outlook

Applications
and Challenges

Collection of academic papers

ARy F7—FF75F v
ROBOT ARCHITECTURE
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Body Plan

= Body structure and arrangement of organs in the development
of multicellular organisms R

—_—
WSS T

[Irie., 2017]
B «Ventral
Proxi e Distal
Dorsal
rior
\ |
< )
[ | “ s ey \'».‘ S o N
Embryo E11.0 E9.5 E10.5 E11.5 X X ht E16.5
Qulgrowth and patterning [Zuniga et al., 2015]
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Bio-inspired Soft Robots

10
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Locomotion

= “Artificial” Locomotion
— Wheel, Continuous Track

= 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
e Fin
— Jet Propulsion: squid, octopus, cuttlefish

— Jet Propulsion (gas)

24
Musculoskeletal System
Endo-skeletal System ma#% Exo-skeletal System s&#%
@ ® o 4%
27
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The First Steps of a Robot Based on
Jamming Skin Enabled Locomotion

Annan Mozeika
Erik Steltz
emnch Jaeger

iRobot @

9 Cheﬂ.Bots

CHEMICAL ROBOTS

Funded under the DARPA Chemsical Robots program, contract WITINF£8-19209

28
Jamming
= Granular, fiber, layer/laminar, beads
HRI Y=y BRI v=>T
BRIvZY BERIvZ2T
29
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Digital Fabrication

= Making Robots with 3D Printer

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

Kawada Robotics, Nextage Stratasys Objet24

30
How to make a soft robot
= Direct 3D printing = Cast molding
Layer of light-cured resin or Liquid soft material is poured into a
thermoplastic resin mold (often 3D printed) and cured
&iE i
254 4—y 7k SDWEE RS
FZ4v7 MCAA UVEE(L
ENRISRMHDIRE HE ZokuE
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BEBARY b

MUSCULOSKELETAL ROBOT

32
= Muscle-Tendon Complex (MTC)
— Mono- and multi-articular muscles
— Very difficult to emulate MTC in electric motors
-‘-\‘i&‘\‘k Biceps Brachii
Bi-Articular
Bi-Articular RF Muscle
N ; VAS  Muscle HAM ¥
Gluteus Maximus” e ectus Femoris uscle :
—— SN Vastus
Hamstrings \\ Q,
Biceps Femoris (short head) " HAM
Gastrocnemius ’ / /
Soleus f / Tibialis Anterior Gmax,
/ ws| :
') (a) independently driven joints {b) combination of mono-articular
Ci, with mono-articular muscles muscles and bi-articular muscles
33
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Braided-fiber

McKibben Muscle, 1957

General

[Hirai et al., 2001]

Parallel-fiber

~

Warsaw-type, 1968

Bridgestone-Hitach Arm
1984

[Krishman, 2015]

WAP-1, 1968

(L3

Rubbertuator
[Noritsugu et al., 1995]

==

Pleated PAM
[Daerden et al., 2001]

Small-diameter PAM
[Suzumori et al., 2011]

[Nakamura et al., 2009]

Pneumatic Artificial Muscles (PAM)

Fiber-reinforced PAM Family

S D)) E

0y > 54.7°
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" 0y < 547°
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Actuator

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

7 BATXIVF—

e EBETRILF—
) TR TOFAT—
B sEEE  (TRIVE—ZH8R)

\)

o, >
feFTRILF— e, —\
¢ /
. e/
AETRILE— N .
. TN .
A& HIXLF— 2+
36
Actuator Comparison
= Challenges of Soft Acuators:
small displacement, slow, low durability, poor availability
' .
1 N o, =" 0 I:ap_\ 1
I ® % J h —~ 10" Ew hN
— - N _{Shape memory gjloy N (0] “’E N =\
% — b 0%, N Hydrauli I E3 7Llec\lrl'\%§ /”o
c?2 | % Magnetostrictor SN lcI S g "0 Motor|< | I Q %,
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z5 107 - " Sl l §§10JM_ . - 2
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= S ::g:c::;aclgm N N |+ |Eectr Motor " PRy - 5 X % x
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stroke response

[Huber et al., 1997] [Granosik et al., 2005] [&T, 1984] [Zupan et al., 2002] [Bell et al., 2005]

37
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Fiber-reinforced Pneumatic Muscles

) -

axial circumferential

natural

General

X " >
ORI =
XN =3

0y<54.7°

OO0

PR R KRR KRR KK
00000900904
90990999909
PAAKKKIIEY

[Krishman, 2015]

braided (contraction mode)

Parallel (axial) fiber

iee b

Warsaw-type, 1968 Pleated PAM [Nakamura et al., 2009]
[Daerden etal., 2001]

Braided fiber

/A
McKibben Muscle, 1957 Rubbertuator
[Noritsugu etal., 1995] [Suzumori etal., 2011]

Small-diameter PAM

38
Open Soft Machines
http://opensoftmachines.com
=a _A. S s e . o e . :m"“ .
meEE Y =
e ) e = P Staiaen >
; : i : N Caterpillar D o !
s~ -« Robot i - :
BallaonS : ) " I~ Qlonm&aﬁ Roboﬂcs\ |
39

17



2025/10/03

40
Output Work of Fluidic Actuators
= Pneumatic Cylinders {i'%
Wouse = FL
Wi = PAL f"V
= McKibben Pneumatic Artifical Muscles
é JW(,,\ = c‘ll)eu\-
v P
& 2 ~taL= Pdv V= fco
POFRE T o e 0
41
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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

— Becomes a superelastic spring when heated < << R W
) B i
R O — S AAXSN
A ) N —
high temp. o
(T>Af)

Stress

S’
o=’ ¢ lowtemp.

orgmeny ™A S (T<Mf)

" d 2 Od 2 > 5] Martensite (twinned) ¢] Martensite (detwinned)
Strain [Dadbakhsh et al., 2014]
42
= SMP
— Principle
< Shape recovery by entropic elasticity when heated above the glass transition temperature Tg.
e 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]
43
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[Niiyama et al ., 2010]

45
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Musculoskeletal Robots
2002-2010 2011-2013

~ .\ -
[Nishikawa et al., 2014] .
[Nishikawa etal,, AMAM 2013]  [Fujita etal., ICISIP 2017]

[Niiyama etal ., 2010]
[Niiyama etal ., CLAWAR 2009]

Ars Electronica 2009

[Ushigome etal ., VRMM 2010] [Niiyama etal., 2012] [Nishikawa et al., Humanoids 2015]

[Niiyama et al., Humanoids 2010]

2014-present

[Ishii etal., IROS 2018]

46

EFREORY b7 — LA

CONTINUUM ROBOT ARM
47
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Continuum Robot Arm

= Robot arm without bones or joints, able to perform coiling and
grasping, beneficial in an environment with many obstacles.

= Challenges: reaching control

Elastor [Hirose+, 1983] OctArm [Walker+, 2006] STIFF-FLOP [Ranzani+, 2015]

History

1960 1980 1990 2000 2010
: — - .

Minsky-Bennett Arm CTAm Hydraulic Active Catheter 0CTOPUS Series II, X125 Honeycomb Super Dragon
[Minsky, 1968] [Ma+, 193] [lkuta+, 2003] [Laschi+, 2011]  OC Robotics, 2014~ [Jiang+, 2016] [Endo+.2019]

| | J m \‘? : -

“ (\J -~ )

7 SMA micro manipulator lf ) a SeRArm Spiral Gripper

[Honma et al. 1984] i . . y !

\ kS| Tentacle Air-Octor Micro Active Catheter Layer jamming STIFF-FLOP [Dong+.2017] [Uppalapati+, 2018]

[Ikeuchi+, 2009] [Kim+.2012]  [Ranzani+, 2015]

Tensor Arm [Immega+, 1995] [McMahan+, 2005]
Anderson & Horn, 1968 m o § -
= - m
|—E - N

i i Plant-inspired
Elastor (ACM-7) Inspection Robot TGLac'OmemzaoTy [Sadae'g\;h‘\"fplzrgn]
[Hirose+,1983]  [Asano+.1988] SMA Active Catheter ~ Concentric Tube Grow-hose | [Takeichi+, 1 '

Tsukagoshi+, 2011 Inflatable Arm <
ﬂ [Haga+,1998]  [Webster+, 2006] [Tsukag ] Otherlab, 2014 /f\ ‘
)
/ : BionicMotionRobot Vine Robot
Festo, 2017 [Hawkes+,2017]
SMA Active Endoscope

[Ikuta+, 1988] Polymer Actuator Granular jamming
[Sewa+, 1998] [Cheng+.2012]

NASATendril [WalkeH zooe]
[Mehling+, 2006] S D vd o
Sanding Arm BionicSoftArm
Pneubotics, 2016

Festo, 2019
Bionic Handling Assistant
Festo, 2012

49
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MR Material: ------------------- Rigid/hard Composite Flexible/soft
hYa =3
s Structure: -----—--——- - Discrete Hybrid (parallel/series)  Continuum/continuous

NIuwk JIbB

FTE
Non-redundant

Redundant
2D: >3DoF
3D: >6DoF

R

BHHE
DoF:

flexible-link (series) constant- curvature
segment

m|xed Curvature

parallel
constant-curvature
segment

actuator

Ej@ %ﬁz\/ LB E)

EFE) Actuation:

Extrinsic Intrinsic Underactuation
Number of actuators < DoF
SR EREN ABIEREN
50
Soft Skeletal Sytem
= Hydrostatic Skeleton = Muscular Hydrostat
RIES B AT B
— Fluid-filled bladder surrounded — Muscle-filled hydrostatic
by muscles skeleton
longitudinal muscle
longitudinal muscle helical muscel
fluid-filled cavity radial muscel
51
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Elephant’s Trunk
= Muscular Hydrostat mcmtinuum Arm
SRS Bs " B

— Muscle-filled hydrostatic
skeleton

Mobile Platform
g S

OctArm

longitudinal muscle

helical muscel

=

(2

gy

2

N7 -8
.

=\,

radial muscel

i

=
“u

OC Robotics MiRoR Project
52
Extensible Soft Actuator
= EPAB (Extensible Pneumatic Actuator with Bellows)
[Yukisawa et al, ROBI02017]
7 LMNA Tl
McKibben PAM Hydro Muscle Elastomeric Origami Shell-reinforced Inverse PAM Pneumatic Reel Actuator Continuum arm
(a>54.73°) [Sridar+, 2016] [Martinez+, 2012] SPA [Hawkes+, 2016] [Hammond+, 2017] [Ansari+, 2017]
[Agarwal+, 2016]
53
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[Yukisawa et al., ROBIO 2017]

Cei I i ng CO nti nuum Arm [Yukisawa et al., RoboSoft 2018]

54

Throwing a ball Pulling out an umbrella

55
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Maze Tasks (feedforward control)

#4¥l Material: ------------------- Rigid/hard Composite Flexible/soft
1BiE ) ) ) i )
Structure: ----------—-omoo Discrete Hybrid (parallel/series) ~ Continuum/continuous

=B yTuwr YIb
-EO) (©)

= L

flexible-link (series)

parallel

FTE
Non-redundant

Redundant
2D: >3DoF
3D: >6DoF

%=

4

constant-curvature
segment

BHE
DoF:

mixed-curvature

constant-curvature
segment

actuato
BB&) Actuation: - E:ﬁ %E:w LERE)
- L Underactuation
Extrinsic Intrinsic Number of actuators < DoF
PAN B ABIEREN

57

26



2025/10/03

Hybrid RobOstrich Manipulator

— ol
e A‘.&}‘}.‘sssaa-m-m&

https://www.youtube.com/watch?v=KL6ZmghG-z8

[Manome et al., 2024]

58
#4¥l Material: ------------------- Rigid/hard Composite Flexible/soft
1BiE . . . ) )
Structure: ----------—-omoo Discrete Hybrid (parallel/series) ~ Continuum/continuous
=B yTuwr YIb
IE g
Q EE”;DOF' Non-redundant flexible- Imk(senes) constant curvature
" Redundant
2D: >3DoF
3D: >6DoF
FLE mixed-curvature
parallel
constant-curvature
segment
BXE) Actuation: %E:lv LERH)
Extrinsic Intrinsic Underactuation
Number of actuators < DoF
M BRES R NES
59
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INFLATABLE ROBOTS

60

Foil balloon

Inflatables

Inflatable boat

Wacky waving tube

- e

Hot air balloon

Inflatable dome

61
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Inflatable Robots

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

| L

" .
Inflatable robot arm, Otherlab, 2011

BIX

HERO

®
i

Baymax, Disney, 2014

Soft upper body [Nspach+, 2015] Kingﬁuie, Pne?botic?[BesH, 2&5] Isoperimetric soft robot [Usevitch+, 2020]

62
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 Folding: Origami Robots Blowing: Inflatable Robots
,/; HERQ
FDM $ !
Origami Robot [Felton et al. 2014]
Stereolithography
63

29



2025/10/03

Baymax from “Big Hero 6”

<
Yo)

WPI-CMU team
Atlas robot with inflatable suit

65
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Inflatable Joint

= Blower-powered Soft Inflatable Joints [Seong er 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

RO LFRNE. TROTFRARES >®- T 27

66
Theory of thin-walled cylinder
= Axial stress and circumferential stress
— Area under pressure f,/e} #E Oe s ;TE: = E%
N xRz
r S FUR A Go sl cp 2
R
d&: ez 102
67
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Inflatable beams subjected to bending
&’” o
t . \——/ HE \ﬁg'“ Rl
.. 3N
=\ .6
G, G
o\ﬂ/\

5--.h o
,6 A

) =X
Mus = T PR3

2

68

pHRI (physical human-robot interaction)

= |nflatable Humanoid Robot, 6 DoF

Inflatable body

69
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Physical Human—Robot Interaction

J mi\a \
ﬂh Tl &

[Niiyama et al., JAT 2023]

71
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Summary

= Softness expands the possibilities of robotics

— Deformation and transfromation
— Continuum Body

= Soft Body Plan

— Musculoskeletal System
— Continuum Arm
— Inflatable

72

Assignment

V7 bRy MIET2EGRGEEEZERFZ1DHA, IBESINLTWSAKRY b
Ko FM 77F21—% EVYELZINOFHEEOR Ty FORBELTLZEW
o oL HE7 - FTwWXOER. BN, A& BRZzFLHTIEIL,

Y EIFf-mXnESRIER EE. KA bL, Drv—FILgLE -5 £-EERS
BRER—VES, RRE) ATV ELRATELDOIEDY YU EPRT B L,
Read one peer-reviewed original paper on soft robotics and create a single hand-
drawn sketch that illustrates the proposed robot’s shape, materials, actuators,
sensors, and other key components. In addition, write a few hundred words
summarizing the paper’s background, objective, methods, and results.

Clearly cite the paper you chose, including full bibliographic information—authors,
title, journal name with volume and number or conference name with page
numbers, and year—and provide an accessible link.

= fEoYlY  2BREE
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