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Today’s question
SHODREL

How can molecular chains

help us design a soft robot?
DFHOEMIZ. VT FOKRY FOREFHIESRIIDTL & 5HV7?
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Our shared worksheet
HET—5S— R

Name, laboratory and research topic

K& - fRE - ART—<Y%Z L1TCaLA

Your first prediction stays on the page

DT EZHL. BREOFHAZIER

Open the lecture worksheet
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https://docs.google.com/document/d/1VP3HJ3gO7B0zPItnvrWbaG1kNUS2mt1hsV3DJGEtypQ/edit

The 90-minute session
00 D DEDHH

0-25 min Applications and introductions

GG B 24T

25-55 min Rubber elasticity and a calculation

T L3l v 5 E

55-90 min Experiments, planning and reflection

KEXDEREA - 5TE - kDR D
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A printed object can be soft
EIRIL72oDH. O TES

Shape comes from fabrication

B ES R

Response comes from material

MED'ER DL 2 RD B
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What makes a hydrogel?
N ROTILEE

A polymer network holds a large amount of water
BN FHRENZEDKZET

Network structure controls deformation
HAERBENETDINEZERT 3

Water also affects transport and time dependence

KM EEIE P REKRFIEICHED S

06



Softness and toughness
Zohdr, BNICK T

Stiffness: resistance to
deformation

R BEZLICKCT

Toughness: resistance to fracture

Bt IR DI
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3D printing a gel

TINWD3IDTI>Ta 2T

Local curing builds the shape

RFRRYZEE TR, Z2 D< %

Chemistry constrains
printability
MEIDUEDER F G2 RD B
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4D printing
B & £ IS IS D B 15T

Printed structure + a programmed response
SEEE L. &et LICinE

A stimulus changes shape over time

RAUICE T FEZ EBDICELED S

Material distribution can determine motion

MEDEE TEN T 2519 %
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A gel gripper in action
TILG )y IN—DENE

E 3 oy
After 15 min at 50°C

g f —
Ry g Yol

Initial state

A

2

Gripped in water Gripped in air Releasing at 70°C

A material-specific response enables grasping and release
COMBRDER - REREZFAL T, BFCERzHETYT 5
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Material design in food printing
BRIEMICH DR B IEIRS

Shape retention

A )

Texture and deformation

BREEH
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Why does rubber recover?
i J LDTTICR D DIE. BE?

Does warming make rubber softer?

mOBECHERIFIESIBEITLLOID? FITFREETEIL &£ 5o

Worksheet B1 90 seconds
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Polymer conformations
EHTHNED BB

Stretching restricts the accessible conformations
ISR & HARDFBIERIFIREINS
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Entropy and restoring force
I>hhOE—ExTH

A=U-TS

A Helmholtz free energy [J] U Internal energy [J]
NILLARIVYBHRIRILE— RIBLTRILF—

T Absolute temperature [K] S Entropy [J K™']
HET R I>hkOE—

Stretching reduces conformational entropy. / R CTECEIZ > FOE—AYRET 9 3,
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Crosslinks create a network
RN HEBEZE DL 3

Junctions constrain chain motion

ZRBRDEHDEE 2RI B

Network strands carry elastic load

SRR EOENHEIENEZIES
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A single chain acts like an entropic spring

1ARO#EOITY FOE—IE

A(R) =3k, TR? / (2N.b?) + constant
f=0A/0R=[3k,T/ (Nsbz)] R

A Chain free energy [J]

HOBHRIRILE—

ks Boltzmann constant [J K™']
RILY T UEER: 1.380649 X 107

N, Number of statistical segments [-]
eI X bR

f Applied tensile force [N]
MEZFRERDINI (BxAOEERE)

R End-to-end distance [m]

7R i [ BB

T Absolute temperature [K]

“ET R

b Statistical segment length [m]
Bt I XAV MR

0 A/ 9 R Derivative at fixed temperature [N]
BEE—ETOERIXRILEF—DES
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Heating increases the ideal rubber modulus

HAEIJLOHEMERIF, RELFRTHETY

G=vk, T E=3G=3vk,T

G Shear modulus [Pa] E Young’s modulus [Pa]

B A BTEEER =

v Active strand number density [m™3] k, Boltzmann constant [J K™']
RIS BEREBEEORERE RILYYUES: 1.380649 X 10723

T Absolute temperature [K]
MR °COMEIC 273.15 %A 3

Ideal incompressible network at fixed v: Eo< T.
IBENGIEEMAREFEAE TV —E4S 5. 300 KHh5 330 K T 10% =0,
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Stress, strain and the initial slope
A - OF o - FIEADIES

0 = F/A,
E =~ Ao/Ae

e=(L-L,)/L,

o Nominal tensile stress [Pa]

BIR5|5RIGT]

A, Original cross-sectional area [m?]

ZRZ A1 D hEE

L, L, Loaded / reference gauge length [m]

Bl KRR DI R FE R

A Difference between two values

2 RABDE: Ao,

Ae

F Tensile force [N]
5|5RA]

€ Engineering tensile strain [-]
TH55R0 T &

E Young’s modulus [Pa]
WNO T AHEIHDIESE
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Your calculation
B THET 3

A,=1.0mm?*=1.0 X 10°m?

£=0.010: F=0.0020N €£=0.030: F=0.0060 N

A, Original cross-sectional area [m?]
TH IO MTEE

F Tensile force [N]
5]3RA]

AF, Ae Force / strain differences [N / -]
22 DHNDE/"TVITHDE

Calculate E = AF/(Ao Ag) in Pa and MPa.

52 1fBI3#RER. Pa & MPa TEZXTLIEELY,

€ Engineering tensile strain [-]
TH55R0T &

E Young’s modulus [Pa]
VUK
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The slope gives 0.20 MPa
BENSRDBY VIE

E=AF/ (A

o AE)

=0.0040 / (1.0 X 1075 X 0.020) = 0.20 MPa

E Young’s modulus [Pa]
Y>>0 2.0X 10°Pa

A, Original cross-sectional area [m?]

TR AT DOBREA:

1Pa=1N/m?

1.0 X 10°®°m?

1 MPa=10°Pa

AF Force difference [N]
J1DZE: 0.0060-0.0020=0.0040 N

Ae Strain difference [-]
O09dHDE: 0.030-0.010=0.020

[-] =dimensionless /| #X T
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A small-strain stress—strain curve
MIND S HDH-0F H il

E=0.20 MPa

E: Young’s modulus [Pa]
v E

o: Nominal stress [Pa]
N VY|

&: Engineering strain [-]
TF09H» (KIS %)

Nominal stress o (kPa)

0 1 2 3

Engineering strain (%)

Teaching data / siFARAT—#&



How many network strands?
MEH#EHIF. EN<BVWHB?

v=E/ (3k,T)

v Active strand number density [m™]
EMRICEBREBREOHREE

ks Boltzmann constant [J K™']
STEICIE 1.38 X 107*° J/K = £

1/v Material volume per active strand [m?]
BMMEBHE 1 AICEID YT HHEFE

Calculate v and 1/v, then explain their meaning.
FEICHNZA T, AZHZTVWBADDZEHAL TS ZE LY,

E Young’s modulus [Pa]
Y>>0 2.0X 10°Pa

T Absolute temperature [K]
3R 300 K
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A molecular-scale estimate
DFRT—ILDEE

v=16X10®m™
1/v=6.2X 10 m*=62 nm?

v Active strand number density [m™] 1/v Material volume per active strand [m?]
EMRICEBREBREOHREE BMEBHE 1 AICEID BT EHFE

This allocated volume differs from the volume of an isolated coil.
HEHBEADEILZEAEBTHD. ML L-EHO a1 )LAFRE IZXAET %,
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Your own measurements
BSTHEBLR—

R1-R2: Rubber extension and temperature

O LDV OREKREFEZAD

R3-R5: Food stiffness and an equivalent network
BmZzllD. 8nFKkoHhoflBZREBELS

R6-R7: Uncertainty, evidence and reflection

AEED S - RERFCER - IRDIBRD 2R 9
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Rubber under a hanging load
5HDTHILEMIET

F=mg

F Total suspended force [N]
wmILICHD B EETDEE

g Gravitational acceleration [m s7%]
EHMNRE: %4 9.81 m/s?

Measure dimensions and repeat loading and unloading.
TEERD. EROWELBRECHEY - BEERET 3.

m Suspended mass [kg]
LD ERIA—ZECE=E
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Geometry sets the stress
B0 {3 A TRADHENEDS

One strip: A =wt Two legs: A = 2wt

0=F/Ags €=(L-Ly)/L, E,.=Ac/Ae

A, Effective load-bearing area [m?]
TEZX X3 BMEE

F Total suspended force [N]
BHDICLBEFDEE

L, L, Loaded / reference gauge length [m]
FE D&y, B2 DIZE = e

E.., Apparent tensile modulus [Pa]

B ARRID BNF QRN

w, t Strip width / thickness [m]
JdLROE /BT (BEEERRE

o Nominal tensile stress [Pa]
NYCIE SN

€ Engineering tensile strain [-]
TH55R0V T &

A / eff / app Difference / effective / apparent
E/8% /BT, 2HIFHE - EEEERTE
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Can we detect the temperature effect?
BEDMREEAD DT SNBH

E,JE, =~ T,/T, atfixed v

E,, E, Modulus at conditions 1 and 2 [Pa] T,, T, Absolute temperatures [K]
BERMH L - 2 TOHIMER M1 - 2D4EINEE

v Active strand number density [m™3] 1,2 Labels for temperature conditions
BEWHEBHOHEBE (—EZIRE) T E OHFIFREREDOXA

Compare the predicted change with scatter, using the same strain range and reading time.
@ C 09 A - 5iEbE TR, ENERE TS BN >LERBERICER D,
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A food compression experiment

B BmzERET B
e.=(h,—h)/h, ©.=F/A,
Efood,app - AGC/AEC

h, h, Loaded / reference height [m]
4R BEEREORAMS S

F Compressive force [N]
FREFEBHDICKDELES

o. Nominal compressive stress [Pa]
LESEST (EHEZIEET )

A Difference over the fitted interval
EEZKRDHIZIXETOE

A, Original loaded-face area [m?]
TH 1D RIEE D mEia

€. Compressive strain [-]
FEHUTH (EEZzIEET D)

Etooaa0p APparent food modulus [Pa]
BmORMNT OEAEH SR

c; food; app Compression; food; apparent
FE4/ B/ ROTERTHF
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Which polymer supports the food?
BROFEZR BB FIEED

Tofu: investigate the soy-protein network

28 REXVNI7EOHBZHANRB

Konjac: investigate glucomannan

CAICHL: JIILARYF o2 @ANRD

Sausage: investigate proteins and added ingredients

V—t—20 IUNTE - HNIT - ROZEDFAND
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Polymer mass and volume

KD ZFRWIEE R FOESE CIAR

m_=WwW_m

p p ' wet sz mp/pp cl)p:Vlo/Vwet

m, Assigned network-polymer mass [kg]
HMEHZES CRELICEHFOEE

m,... Wet food specimen mass [kg]
KDz BmattOeEE

V, Estimated polymer volume [m°]
B FBEEOFBROHEEE

¢, Polymer volume fraction [-]
REEMADOED FOERDR

w, Polymer mass fraction [-]
REBmEEICN T RN FOEENE

p, Dry-polymer density (kg m 3]
KDZEBFRWER FEERDEE

V... Wet specimen volume [m?]
AERDIKD Z &AM DR

p; wet Polymer; wet specimen
BRF/EEaEE. IEE - #E - EIZRICRS
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An equivalent network molar mass
JLERICRB L ELES

Mc oo = 3(M /V,.)RT / E

c,app food,app

M..o» Apparent strand molar mass [kg mol™'] m, Assigned network-polymer mass [kg]
HRREOEMEEHDOEILEE HME=ZHES LRELICENFDEE

V... Wet specimen volume [m?] R Gas constant [J mol™ K]

MRz RAE LoD OFE SUKESL: #98.314 (SHDEERE R & IZA)

T Absolute temperature [K] Etooq.20p APParent food modulus [Pa]
MR ERF D AEXTRE HR TR > TBmD R T D=

|deal-network estimate in the wet reference state. kg/mol X 1000 = g/mol.
DA BE LI B EBEEDOIN. S7F1EA2EORDTFELIIER B,
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Repeat units and model limits
DR LB . HEEEDER

Nap c ,app / M
N,,, Effective residue count per strand [-] M .0, Apparent strand molar mass [g mol™']
HMEEHBHI-D DREMMTDFERELK WRABOEEEHDOEILEE
M, Repeat-unit / residue molar mass [g mol™'] app; 0 Apparent; repeat-unit reference
ﬁsw B LUBAXIIFZEDEILES BT 40D LB ZRT AT

Use consistent molar-mass units. Proteins require an average residue mass.
DFEDBOEMNZFDIZR D, XIVNIEBIZFHEREBEEEZREL. HEERBZ TR I,
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Temperature and mixing
RE LIRS - B

UCST-type: heating can promote mixing

UCST &: FRBICK>TH—MEIZADPTL

LCST-type: heating can promote phase separation

LCST &4: FRICK > THIRELP I L

Food and gel responses depend on the material system

B TIILDOREREIF. MERICK>TELS
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Planning your experiment
EADERHEEER S

What can you measure with the tools you have?
FDEAET, 71-1E - mEZ 53D

Which uncertainty will affect your result most?
CORBENIN, BRICRHBFELEZSH

Record a setup, an assumption and an improvement

KERFE - RE - AERZT—U>— b DICEEA
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Explaining your measurement plan
AlEstEE HiAT 3

“We will measure ... using ...

[ZfE>T, - ZHDET]

“Our largest uncertainty may be ...”

RHARILBARENSIE. DD LNFEAL
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Al use and experimental evidence
Al ORI L. B9 ORBROEHL

Al can help calculate, plot and organize

Al IFEtE - B - BBIBICE->TLK W

Your photos and raw measurements support the report
HOPDEE - £7—X - RRL 1725

Explain your checks, uncertainty and improvements

Al HIDRESR. FHED S, NEZ B THAT S
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Your exit reflection
24 TR DR DR D

Why can heating increase rubber stiffness?

AHERH B L dLOMERIET D

What experiment will you try yourself?
HATLEDLSHERRZHRTH

What would make your conclusion more reliable?

Ahame K DEDZDDICT BICIFADBED
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Measurements give your model meaning
HADOUENS. EFLOEREER S

What can your data actually tell you?

HRDT—4h 5. ECEFTERBTL&L&DH?

Hidemitsu Furukawa furukawa@yz.yamagata-u.ac.jp
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Supplementary material
HREN: HEML EFILORA

Chain dimensions and model limits

HOKST I, EFI/LOEAE

d
¥
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Dry-rubber practice example
18T Lk (R7E L 7B )

M_=pN,/v = 3.4 X 10* g/mol

M_ Network-strand molar mass [g mol™'] p Dry-rubber density [g m™]
HWRIEOHBHDEILEE EIR I LDEFE: 9.0 X 10°g/m®

N, Avogadro constant [mol™'] v Active strand number density [m™3]
7RA ROFEE: 6.02214076 X 1073 BB HENEE: 491.6 X 10%

All polymer mass is assigned to active strands in this practice model.
COREBETITIE. SNFOEEZBMHEBEHICEID Z TS,
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Repeat units and statistical segments
4058 LB Y it X > b

— . 2
N,epear = Mc/My = 5.0 X 10
N epeat REPEAt-unit count per strand [-] M_ Network-strand molar mass [g mol™']
HEEHDT=D DREDIR L BN HEHEOEILEE: 43.4 X 10°
M, Repeat-unit molar mass [g mol™'] N, Statistical segment count [-]
RUAYTL > CsHg : 4968 HMRUDEFICHKEFET D8I X b

A statistical segment can contain several chemical repeat units.
FMETE I X MME BEROUFRIRED IR LBEMUZ ZH15 5.
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An ideal random-walk chain
IBRRS VR LT+— U

(R2) - Nsb2 Rideal - [( Rz) - b[Ns

R Instantaneous end-to-end distance [nm]
ZHCEE D 7R i [ BB

R..... RMS end-to-end distance [nm]
EAREH O — Y F L IR K i PR AR

b Statistical segment length [nm]
ettt XY MR TOBITIE 1.0nm

Independent isotropic steps give R.,.,, = 10 nm.

WAL TAHAMBICRERD DHEWEI XY b ERETD . 10nm,

(R?) Mean-square end-to-end distance [nm?]
RimEEEEE D —FE D 1Y

N, Statistical segment count [-]
et X2 R CDfITIE 100

( ); ideal Ensemble average; ideal chain
FREEIC DLV T DY, TEA8 8



A chain in a good solvent
RSAIE R D8

3/5 =~
Reood = DNZ* = 15.8 nm
Rgood/Rideal ~ 1.58
Reood Chain size in a good solvent [nm]
RAEROEHDOKET T

b Statistical segment length [nm]
sttt X R 1.0nm

3/5 Flory scaling exponent [-]
— ) =i DiEEh (RE%z 1 L {RE)

R...., |deal-chain RMS end-to-end distance [nm]
8O " T HIRKRimEERE: 10 nm

N, Statistical segment count [-]
et X > ML 100

good; ideal Good solvent;ideal chain
RAE TER#EZ X T 35K7F

Excluded-volume effects expand the coil. / HEFRAFEZHR THEDILH B,
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Chain size and gel swelling
WOAST L. 7 ILORE

Volume per active strand: 1/v Chain size: R

v Active strand number density [m™] 1/v Allocated material volume [m?3]
EMRICEBREBREOHREE BMEBHE 1 AICEID BT EHFE

R A characteristic chain size [m]
HOTHERIAND DREREDS

Gel swelling balances mixing and network elasticity.

TILDORBITRE

CHEBEEEDHDEVWTRED., FISFBEEOKRE EIFRIDE,
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Large deformation changes the interpretation
REF Tl BORRNED S

E.=0/e=0.20MPa A=1+¢
0=GA-A?) E,=3G = 0.50 MPa

o Nominal tensile stress [Pa] € Engineering tensile strain [-]
AFF5|RESS: T OFITIX 1.0 MPa T#5|5R09H: 5 (500%)

A Stretch ratio L/Lo [-] G Neo-Hookean shear modulus [Pa]
fR: CDFITIE6 ATV I ETILDHE A KRR

E... Secant modulus [Pa] E, Initial Young’s modulus [Pa]

B AR ENBEREDIES BNOTATOHEY VT =

L, L, Loaded / reference length [m] sec; 0 Secant; initial state

Bfaks EEREORT R HHIRREZE R T RF
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Subscripts and units
//J\% K%T.L@n)bgjjj—

mp? M et Eapp’ Efood,app [_]

p / wet Polymer / wet specimen
mAF/ Kz aTHEE

0/1/2 Reference state / condition labels
EAERRE RESMHL - 2

[-] Dimensionless quantity
ORI PEIF0~1THKATS

1Pa=1N/m?> 1MPa=10°Pa 1g/mol=10"kg/mol

app / eff / eq Apparent / effective / equivalent
BT/ B3 E

C Compression or network strand
DARF CTIEELS . M TIFHEBHE

A Difference between two values
2 2fBDE, BiAlITmhE R L
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Water fraction and wet-food density
KPEL BRREOHE

pwet - mwet/Vwet mp - W,m

p° " "wet

Py Wet-food density [kg m™] Wet specimen mass [kg]

wet

KD ZECRmMEERDEE KpzataoeEE

V... Wet specimen volume [m?] w,, Water mass fraction [-]
KpzaTABO2E4E AEEEEICT T BKODEESEK
w, Assigned polymer mass fraction [-] m, Assigned polymer mass [kg]
HBICEIDHTE3EATOEERR HME=ZHES LRELICEDFOEE

Determine polymer content separately from fat, salt and small sugars.
KENDRA & TRTEDF LS. I8E - 1 - KO FIEEXRT 3.
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A food with several polymers
EHOENTESURS

Vo= X(m/p) &=V /V

I Polymer component label m. Mass assigned to component i [kg]
BATHRAZXAT 3ES RO TICRIDETIcEnFEE

p, Density of dry component i [kg m™] 2 Sum over selected components
HIELIEHS | OBDFEE BATEE R FRRIICDWVWT DA

V, Total estimated polymer volume [m?3] V... Wet specimen volume [m?]

BN FARBEOStOHEEE KpnzaTAEABO2AE

¢, Polymer volume fraction [-] p / wet Polymer / wet specimen

MTAHEEHIXS I BB FDFREDE B/ REERERTIRT
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Conversion to polymer volume
ENTHREREY ¥ 5i0E

Eeq - Efood,app/q)p Ivlc,app - 3ppRT/Eeq

E., Equivalent modulus [Pa] E Measured apparent food modulus [Pa]

food,app
BN FARBEEEADRE F#ER LEEm TR TERANT D=
¢, Polymer volume fraction [-] p, Dry-polymer density [kg m~]
EAREHIXT T 2 EN FRHRRED =R KD ZRWIcEDFERDOEE
M..o» Apparent strand molar mass [kg mol™'] R/T Gas constant / absolute temperature
HRREOBEMEEHDOEILEE R~ 8.314J/(molK). TI&KTHKA

E., is a bookkeeping conversion, not a measured dry-sample modulus.
COFMEIE. HERICFEE LA OEERDRANE - FAUETIEE L,
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Further reading
BEXH

Shiblee et al. (2019), 4D Printing of Shape-Memory Hydrogels

Advanced Materials Technologies 4, 1900071. doi:10.1002/admt.201900071

Shiblee et al. (2018), 3D printing of shape memory hydrogels

Soft Matter. doi:10.1039/C8SM01156G

Experimental tests of classical rubber elasticity (2017)

Physical Review Letters 119, 267801. doi:10.1103/PhysRevLett.119.267801

50



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50

