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Questions or
Comments?

“Why am I muted?” 
Don’t worry. Everyone is 
muted except the Presenter 
and the Host. Thank you 
and enjoy the show.

Type them into the
questions box!

www.acs.org/acswebinars
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Chat
Announcements and

hyperlinks from our team
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linkedin.com/company/
american-chemical-society@amerchemsociety@AmericanChemicalSociety@AmerChemSociety

Let’s Get Social!
Follow the American Chemical Society on Twitter, Facebook, 
Instagram, and LinkedIn for the latest news, events, and 
connect with your colleagues across the Society.

Contact ACS Webinars® at acswebinars@acs.org

www.acs.org/acswebinars
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Where is the Webinar Recording?

All Registrants
Watch the unedited recording 
linked in the Thank You Email 

for 24 hours.

www.acs.org/acswebinars

ACS Members w/Premium Package

Visit the ACS Webinars® Library 
to watch the edited and 

captioned recording.
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5https://chemidp.acs.org 

A Career Planning Tool For Chemical Scientists

ChemIDP is an Individual Development Plan 
designed specifically for graduate students and 
postdoctoral scholars in the chemical sciences. 
Through immersive, self-paced activities, users 
explore potential careers, determine specific skills 
needed for success, and develop plans to achieve 
professional goals. ChemIDP tracks user progress 
and input, providing tips and strategies to 
complete goals and guide career exploration.

6www.acs.org/careerconsulting 

Career Consultant Directory

• ACS Member-exclusive program that allows you to arrange a one-on-one appointment with 
a certified ACS Career Consultant.  

• Consultants provide personalized career advice to ACS Members.

• Browse our Career Consultant roster and request your one-on-one appointment today!
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If you are a student from a group underrepresented in the chemical sciences, we 

want to empower you to get your graduate degree!

The ACS Bridge Program offers:

• A FREE common application that will highlight your achievements 

to participating Bridge Departments

• Resources to help write competitive grad school applications and 

connect you with mentors, students, and industry partners!

Are you thinking of Grad School?

Learn more and apply at www.acs.org/bridge

Email us at bridge@acs.org 
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https://www.youtube.com/c/ACSReactions/videos 9
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cen.acs.org/sections/stereo-chemistry-podcast.html 11

12
Creating Your Title, Abstract, 

and Table of Contents Graphic

ACS on Campus is the American Chemical 
Society’s initiative dedicated to helping students 
advance their education and careers.

acsoncampus.acs.org
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https://www.acs.org/careerconsulting.html https://www.acs.org/careerconsulting.html https://www.acs.org/linkedInlearning 

ACS Career Resources

https://pubs.acs.org 14
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ACS OFFICE OF DEIR
Advancing ACS' Core Value of Diversity, Equity, 

Inclusion and Respect

Resources

https://www.acs.org/diversity 

American Chemical Society 16

ACS Advocacy

The impact and results of ACS member advocacy outreach and efforts by the numbers!

See your influence in action!

Get Involved Enroll in a workshop Become a Fellow Take Action

2439+
Members participated

In Act4Chemistry

1739+
ACS Advocacy 

Workshops participants 

or enrollees

49
Years of Public 

Policy Fellows

2000
Letters sent to 

Congress

https://www.acs.org/policy 

15

16

https://www.acs.org/diversity
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A complete listing of ACS Safety Programs and Resources

Download it for free in the “Projects & Announcements” Section! www.acs.org/ccs  

ACS Industry 
Member Programs

• ACS Industry Matters

ACS member only content with exclusive 
insights from industry leaders to help you 
succeed in your career. #ACSIndustryMatters

Preview Content: acs.org/indnl

• ACS Innovation Hub LinkedIn Group

Connect, collaborate and stay informed about 
the trends leading chemical innovation.

Join: bit.ly/ACSinnovationhub

17
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❖  Be part of a community of highly motivated experts in polymer science and engineering

 with convenient opportunities for networking

❖  Enjoy the technical programming at ACS National Meetings and support for regional

 meetings in polymer science and engineering

❖  Be eligible to be nominated and to nominate others for PMSE awards 

THE BENEFITS OF PMSE MEMBERSHIP

 

❖ Take advantage of volunteer and leadership opportunities for both students and professionals (committees, governance, 

and award panels)

❖ Obtain support and networking for early career scientists through the local PMSE chapters

❖ Make use of educational, professional development resources, and polymer-specific techniques through the MACRO 

initiative

❖ Participate in expert-led technical webinars focusing on techniques and methods relevant to polymer materials

❖ Take part in professional development at a range of levels, from undergraduate students through early career independent

scientists and  engineers 

z

www.acs.org/membership

20

Have a Different Question?
Contact Membership Services

Toll Free in the US: 1-800-333-9511

International: +1-614-447-3776

service@acs.org

19
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https://www.acs.org/membership.html
https://www.acs.org/_tel_800-333-9511
https://www.acs.org/_tel_614-447-3776
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Register for Free Browse the Upcoming Schedule at www.acs.org/acswebinars

Co-produced with the ACS Division of Polymeric 
Materials: Science & Engineering

Breaking Down the Mechanics of Polymers: 
From Networks to Viscoelasticity

Wednesday, December 13, 2023 | 2-3:30pm ET

22

THIS ACS WEBINAR® 

WILL BEGIN SHORTLY…

🖐 Say hello in the 
questions window!

www.acs.org/acswebinars

21
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http://www.acs.org/acswebinars
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This ACS Webinar ® is co-produced with the ACS Division of Polymeric Materials: Science & Engineering (PMSE).

Breaking Down the Mechanics of Polymers: 
From Networks to Viscoelasticity

Download 
the Presentation Slides
Under Handouts

ADRIANNE M. ROSALES, PHD 

John W. Steube Professor, Graduate Director 
& Assistant Chair, Department of Chemistry 

and Biochemistry, Miami University

Assistant Professor, The 
University of Texas at Austin

DOMINIK KONKOLEWICZ, PHDSERGEI S. SHEIKO, PHD

Distinguished Professor, Department 
of Chemistry, University of North 

Carolina at Chapel Hill

RACHEL LETTERI, PHD, MS

Assistant Professor, Department 
of Chemical Engineering, 

University of Virginia

Adrianne Rosales

The University of 
Texas at Austin

December 13, 2023

Breaking Down the Viscoelasticity of Polymer 

Networks and Gels

24

23
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Viscoelastic gels are important to many fields and applications

Consumer products
Devices & coatings

Construction materials
Peptide processing

Building blocks: small molecules, 

polymers, colloidal particles

25

Bioinspiration: reconfigurability of the extracellular matrix

fibrous 

microstructure

strain responsive

http://onlinelibrary.wiley.com/doi/10.1002/adma.201503918/full

cell adhesion and 

matrix remodeling

viscoelastic 

properties

Tissue 

Engineering 

Scaffolds

In Vitro 

Disease 

Models

Cell Delivery 

Vehicles

26

25
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Synthetic scaffolds do not replicate dynamic mechanics of ECM

Chaudhuri and Mooney, et al. Nat Mater. 2016
Chaudhuri, O., Cooper-White, J., Janmey, P.A. et al. Nature 2020

How can we replicate this 

behavior in synthetic hydrogels? 

27

Breaking down the viscoelasticity of polymer networks and gels: 

Linking chemistry to mechanical response

I. Control of viscoelasticity 

with dynamic bonds

II. Measuring linear 

viscoelasticity with shear 

rheology

III. Nonlinear rheology

28

27

28
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Mimicking the ECM with Hydrogels

Polymer chains

(variety of 

backbones)

crosslinks

(chemical and 

physical bonds) Water

>90 vol%

Challenge 

Recapitulating the 

dynamic complexity of 

native ECM

29

Dynamic chemistries for hydrogel crosslinks 

• Various non-covalent and dynamic 

covalent mechanisms

• Most are explored in water

• Many more reactions and 

mechanisms beyond the ones 

shown!

Xu and Hsu. J Biomed Sci. 2023

30

29

30
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Dynamic covalent bonds in hydrogels

Imine formation

Disulfide formation

Transesterification

Conjugate addition

Diels-Alder 

cycloaddition

Boronic ester formation

Konkolewicz, et al. ACIE, 2022, 61(50).

How do bond lifetimes affect dynamic 

behavior of cytocompatible 

hydrogels?

31

Tetra-PEG macromers with dynamic bond motifs

Bond exchange kinetics describe the rate at which crosslinks form and break.

Parameter: k1 k-1

Associated 

with:
Gelation Relaxation

Plateau 

modulus

Keq =
k1

k−1

Tetra-PEG 

macromers

32

31

32
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Reversible thiol-ene crosslinking reaction is highly tunable

Relaxation time (seconds)

(inversely proportional to k-1)

10-2 10 103 105 107

Fast

High k-1

More viscous

Slow

Low k-1

More elastic

Boronic Ester HydrazoneThia-Conjugate Addition

Adapted from Tang, Richardson, Anseth. Progress in Materials Science, 2021.

Zhong, Anslyn, Eur. J. Org. Chem, 2013,.250 300 350 400
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33

k1

k-1

R = H: Slow-exchanging R = CN: Fast-exchanging

Tetra-PEG 

macromers

FitzSimons, Anslyn, Rosales, and coworkers. Macromolecules, 2020, 53(10), 3738-3746.

k1 (M–1 s–1) k–1 (s–1) Keq (M-1)

Fast-exchanging 500 0.11 4400 ± 400

Slow-exchanging 26 0.019 1300 ± 60

Reversible thiol-ene crosslinking in model polymer networks
34

33

34
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Dynamic crosslinking leads to spontaneous gelation

Rapid gelation upon mixing

✓ Near ideal networks

✓ Biocompatible

✓ Defined functionality

FitzSimons, Anslyn, Rosales, and coworkers. Macromolecules, 2020, 53(10), 3738-3746.

35

Breaking down the viscoelasticity of polymer networks and gels: 

Linking chemistry to mechanical response

I. Control of viscoelasticity 

with dynamic bonds

II. Measuring linear 

viscoelasticity with shear 

rheology

III. Nonlinear rheology

36

35

36
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Bulk Rheometry to Examine Viscoelasticity

Load a sample between two surfaces.

Rotate the top 

surface.

Measure the 

required torque.

Impose a 

certain torque.

Measure the 

resulting rotation.

Measurements

Calculations

• Convert from rotational measurements 

and torque to material properties.

• Calculations depend on measurement type. Rotational Oscillatory

Soft Matter, School of Engineering and Applied Sciences, Harvard University; Basics of Rheology, 

Anton Paar.

37

Phase Angle

• Impose a deformation.

• Measure a response.

G =
stress

strain

G' =
stress
strain

∗ cos δ

G'' =
stress
strain

∗sin(δ)

Rheology: Theory and Applications. TA Instruments (2019).

Experiment Possible Results

38

37

38



12/14/2023

20

0.01 0.1 1 10 100
1

10

100

1000

10000

100000

M
o
d
u
lu

s
 (

P
a
)

Frequency (rad/s)

 G'

 G

Elastic thiol-ene gels have frequency independent moduli
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Amplitude sweep indicates 

linear viscoelastic regime:

Rheology measurement taken at 1% strain

FitzSimons, Anslyn, Rosales, and coworkers. Macromolecules, 2020, 53(10), 3738-3746.

"

39

Reversible thiol-ene gels have frequency dependent moduli
40

40

Crowell, FitzSimons, Anslyn, Schultz, Rosales. Macromolecules, 2023.

FitzSimons, Anslyn, Rosales, and coworkers. Macromolecules, 2020, 53(10), 3738-3746.

Plateau Modulus
In general, how should the plateau 

modulus change if the dynamic bond 

equilibrium constant is higher?  

a) Plateau modulus will increase

b) Plateau modulus will decrease

c) Plateau modulus will stay the same

39

40
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Reversible thiol-ene gels have frequency dependent moduli
41

41

Crowell, FitzSimons, Anslyn, Schultz, Rosales. Macromolecules, 2023.

FitzSimons, Anslyn, Rosales, and coworkers. Macromolecules, 2020, 53(10), 3738-3746.

Plateau Modulus

In general, how should the crossover 

frequency change if the dynamic bond 

exchange kinetics are faster?

a) Crossover frequency will increase

b) Crossover frequency will decrease

c) Crossover frequency will stay the same

Reversible thiol-ene gels have frequency dependent moduli
42

42

• Indicates viscoelastic behavior

Frequency Dependence

•  G'fast > G'slow

•  Tied to Keq

Plateau Storage Modulus, G'∞

•  ωCO, fast > ωCO, slow

•  Tied to stress relaxation and k-1

Crossover Frequency, ωCO

Keq, fast > Keq, slow        k-1,fast > k-1,slow

Crowell, FitzSimons, Anslyn, Schultz, Rosales. Macromolecules, 2023.

FitzSimons, Anslyn, Rosales, and coworkers. Macromolecules, 2020, 53(10), 3738-3746.

41

42
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Simple constitutive models of linear viscoelasticity

Hooke’s Law: 𝜎 = 𝐺𝛾 𝜎 = stress
𝐺 = shear modulus
𝛾 = strain

Interesting rheological properties arise when 𝐺 and 𝜂 are dependent on 
time and strain.

Newton’s Law:
𝜎 = 𝜂

𝑑𝛾

𝑑𝑡
= 𝜂 ሶ𝛾

𝜎 = stress
𝜂 = viscosity

ሶ𝛾 = strain rate (shear rate)

43

Simple constitutive models of linear viscoelasticity

Spring (elastic component) Dashpot (viscous component)

Models consist of linear combinations of springs and dashpots:

44

43
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Frequency sweeps fit by single-mode Maxwell model

Fast-Exchanging GelSlow-Exchanging Gel

Indicates one type of relaxation process

FitzSimons, Anslyn, Rosales, and coworkers. Macromolecules, 2020, 53(10), 3738-3746.

Crowell, FitzSimons, Anslyn, Schultz, Rosales. Macromolecules, 2023.

45

Kinetics can be tuned via pH and temperature

• Reverse reaction rate increases faster with pH

• Relaxation time is tunable over multiple orders of 

magnitude

FitzSimons, Anslyn, Rosales. ACS Polymers Au, 2021, 2(2), 129-136.

46

46

45

46
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Kinetics can be tuned via pH and temperature

• Reverse reaction rate increases faster with pH

• Relaxation time is tunable over multiple orders of 

magnitude

FitzSimons, Anslyn, Rosales. ACS Polymers Au, 2021, 2(2), 129-136.
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47

Viscoelasticity as a function of temperature

Temp

Photothermal 

response upon 

addition of 

PEDOT NPs

Gel-sol transition

Thapa, Rosales, Betancourt, et al. Submitted, 2023.

• More viscoelastic at elevated 

temperature

• Additional handle for therapeutic 

cargo release

Tania Betancourt

Texas State University

48

47

48
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Breaking down the viscoelasticity of polymer networks and gels: 

Linking chemistry to mechanical response

I. Control of viscoelasticity 

with dynamic bonds

II. Measuring linear 

viscoelasticity with shear 

rheology

III. Nonlinear rheology

49

Dynamic covalent bonding enables injectability

ACS Macro Lett. 2020, 9(6), 776–780.

Wang, et al. JBMR. 2018, 106(4).

Linear polymers Multi-arm polymers

50

49

50
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Material properties at various shear rates

• Use hydrogels with different bond exchange kinetics and 

concentrations to access a range of material properties.
Experimental 

Design
• Characterize material properties at shear rates relevant to 

3D printing and injection.

Lopez Hernandez, H. et al. (2020) Macromol. Biosci.

51
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Rheological properties under steady shear

The rheological properties of the hydrogels 

depend on the shear rate.

1)  Newtonian  →

2)  Shear thickening

3)  Flow instability and material expulsion  ↓

52

1 2 3

Crowell, FitzSimons, Anslyn, Schultz, Rosales. Macromolecules, 2023.

51
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Reversible thiol-ene gels below c* are shear-thickening

Shear thickening behavior is observed at experimentally accessible shear rates.

53

Fast-Exchanging GelSlow-Exchanging Gel

Crowell, FitzSimons, Anslyn, Schultz, Rosales. Macromolecules, 2023.

Shear thickening in other systems
54

Telechelic 

polymers

Xu, Craig, et al. Macromolecules 2010

Linear associative polymers
Dense suspensions

Jaeger, et al. Macromolecules 2022

53
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Transient shear data shows thickening is reversible

• Measured shear stress as a function of time at different shear rates

• Ensured each measurement reached steady state

Crowell, FitzSimons, Anslyn, Schultz, Rosales. Macromolecules, 2023.

55

Transient shear data shows thickening is reversible

Suggests that chain 

stretching plays a key role

Crowell, FitzSimons, Anslyn, Schultz, Rosales. Macromolecules, 2023.

56

55
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What does this imply for injectability? 

Clinically-relevant injection 

forces are typically < 50 N

Crowell, FitzSimons, Anslyn, Schultz, Rosales. Macromolecules, 2023.

Slow exchanging 

Fast exchanging 

Boronic ester

57

Summary: viscoelasticity depends on dynamic chemistry

Nanoscale Macroscale

• Dynamic chemistry allows for molecular rearrangement under stress → viscoelastic materials!

• Linear viscoelasticity: applicable for small deformations

• Nonlinear viscoelasticity: larger deformations

• Biological tissues are viscoelastic

Dynamic Tetra-

PEG gels

58

57
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Encoding network mechanics by architecture

1.0 2.0 3.0 4.0
0.0

0.5

1.0

1.5

𝜆 = 𝐿Τ𝐿0

𝜎
𝑀
𝑃
𝑎 11,10,180

41,2, 230

41,5,360

[𝑛𝑠𝑐, 𝑛𝑔, 𝑛𝑥]

0,1,240

𝑛𝑔

𝑛𝑠𝑐
𝑛𝑥

𝒏𝒔𝒄, 𝒏𝒈, 𝒏𝒙

1
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Motivation: Materials with tissue-mimetic mechanical properties

Vascular Reconstructive OrthopedicsWound closure

Adhesives

Non-medical

Soft Robotics Waterproof sealantsImpact absorbers

Medical

2

𝑛𝑔

𝑛𝑠𝑐
𝑛𝑥

𝜒𝐴𝐵 𝜙𝐴

𝒏𝒔𝒄, 𝒏𝒈, 𝒏𝒃𝒃, 𝝓𝑨, 𝑵𝑨, 𝜒𝐴𝐵, …architectural code:

Our Approach: Design-by-Architecture

Challenge: Controlling properties at constant chemical composition 3

61
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uniaxial 
extension 

test

elongation, 𝜆 = 𝐿Τ𝐿0

Tissues combine very distinct mechanical properties:

soft-yet-firm and elastic-yet-damping

st
re

ss
rubber

thermoplastic

tissue

gels

Mimicking tissue mechanics is challenging

6
3

1. Mechanical properties

2. Encoding mechanical properties in architecture

• Disentanglement
• Architectural code
• Super-soft elastomers
• Decoupling modulus, elongation-at-break, and swelling ratio

• Definitions
• Equilibrium vs apparent
• Equation of state
• Data analysis
• Forensics of polymer networks

𝑛𝑒

𝑓
𝑏𝐾

𝑛𝑥

Outline

𝐸0

𝜆 = 𝐿Τ𝐿0

𝜆𝑚𝑎𝑥

𝛽

𝜎 𝜆

𝜆2 − 𝜆−1
==

𝐺 

3
1 + 2 1 −

1𝛽𝐼 𝜆

6
4

3

−2

63
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𝑛𝑒

𝑓
𝑏𝐾

𝑛𝑥

monomer

crosslinker

initiator

Synthesis of a polymer network

Q1: What do we know about the structure of a synthesized network? (select all that apply)

• a) We know 𝑛𝑥
• b) We know 𝑓

• c) We know 𝑏𝐾
• d) We know 𝑛𝑒
• e) We know fraction of defects

defects 𝑛𝑥

6
5

𝑏𝐾

𝑛𝑒

𝑓 - crosslink functionality

- degree of polymerization of
network strand

- degree of polymerization of
entanglement strand

- Kuhn length (strand flexibility)

monomer

crosslinker
“Black box”

initiator

6
6

A1: We know nothing.

Polymer networks are a black box sealed by a stochastic crosslinking process.

Forensics of polymer networks?

65

66
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Mechanical properties: Definitions

𝐿0

𝐴0

𝑓

𝑓

𝐿

𝐴

True stress:

Engineering stress:

𝜎𝑡𝑟𝑢𝑒
𝑓

=
𝐴

𝑓
𝜎𝑒𝑛𝑔 = 

𝐴

Elongation:
𝐿

0

𝜆 = = 1 + 𝜀
𝐿

𝜕𝜎
𝐸0 = 

𝜕𝜆
ቤ
𝜆→1

- Young’s modulus

𝛽 - strain-stiffening or firmness parameter

Strain:
𝐿 − 𝐿0 𝐿

𝜀 = = − 1
𝐿0 𝐿0

Uniaxial extension

𝐸0 - “slope”

𝜎𝑡𝑟𝑢𝑒

𝜆 = 𝐿Τ𝐿0

𝜆𝑚𝑎𝑥

𝛽 - “curvature”

0 6
7

𝜎

Mechanical properties: Equilibrium vs. apparent

- storage modulus

𝑓 (𝑠−1)frequency

𝜀1ሶ > 𝜀2ሶ > 𝜀3ሶ > 𝜀4 ሶ 𝐸′ሶ > 𝜀5

steady oscillatory
𝜀ሶ 𝑓

equilibrium

apparent
(strain rate dependent)

We will talk about equilibrium properties first.

𝐸0

𝜆 = 𝐿Τ𝐿0

𝜀

𝜀

𝑡𝑖𝑚𝑒

𝜀

ሶ 𝑡𝑖𝑚𝑒

𝐸0

9

67
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𝑛𝑥 𝑏𝐾 - Kuhn length

Q2: Can we get 𝑛𝑥 and 𝑏𝐾 from a stress-strain curve?

A2: It should be possible. But how to extract this information from a stress-strain curve? 
The answer to this question is hidden in the equation of state.

effect of Kuhn length @ 𝑛𝑥 = 500

1.0

effect of crosslink density @ 𝑏𝐾 = 1 𝑛𝑚

1.0

Effect of network structure on elastic response

0.0

0.2

0.4

0.6

0.8

0.0

0.2

0.4

0.6

0.8

𝜎
𝑡𝑟
𝑢
𝑒

(𝑀
𝑃
𝑎

)

1 𝑛𝑚

3 𝑛𝑚

10 𝑛𝑚

𝑏𝐾 = 30 𝑛𝑚

𝜎
𝑡𝑟
𝑢
𝑒

(𝑀
𝑃
𝑎

)

100

𝑛𝑥 = 10

1000
10,000

1 2 3 4 5 1 2 3 4

λ = 𝐿Τ𝐿0 λ = 𝐿Τ𝐿0

10

Equation of state: Flexible chains

𝑀𝑥 𝑉𝑥

𝜌𝑅𝑇 𝑅𝑇 𝑅𝑇
𝐺 ≅ = =

𝑁𝑎𝑣𝑣𝑥
=

𝐵𝑘 𝑇

𝑣𝑥
𝑥 𝐵= 𝜌 𝑘 𝑇

Young’s modulus

𝑡𝑟𝑢𝑒𝜎 𝜆 = 𝐺 𝜆2 − 𝜆−1 𝜎 𝜀 = 3𝐺𝜀

𝑅𝑖𝑛 - end-to-end distance before stretching (initial)

𝑀𝑥 = 𝑀0𝑛𝑥 - molar mass of network strand

𝑛𝑥 - degree of polymerization of network strand

shear modulus:

𝜎 𝜀 ≅ 𝐸0𝜀

𝜀 ≪ 1

𝜌𝑥 - number of strands per unit volume

𝐸0

𝜆 = 𝐿Τ𝐿0 = 1 + 𝜀

𝜎𝑡𝑟𝑢𝑒 𝑅𝑖𝑛 ≅ 𝑛𝑥𝑏𝐾

𝑀𝑥
𝑏𝐾 ≪ 𝑅𝑖𝑛 - Kuhn length

𝐸0 = 2 1 + 𝑣 𝐺
𝑣 ≅ 0.5

𝐸0 ≅ 3𝐺

𝜎 𝜀 = 3𝐺𝜀

𝑑𝜀∥

𝑑𝜀⊥
𝑣 = − - Poisson ration

𝑣 ≅ 0.5

Approximation for flexible chains (𝑹𝒊𝒏 ≫ 𝒃𝑲):

11
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Equation of state: Semiflexible chains

𝑖𝑛𝑅2
𝑝= 𝑙𝑝𝑅𝑚𝑎𝑥 − 2𝑙2 1 − 𝑒

−𝑅𝑚𝑎𝑥
𝑙𝑝

𝑙𝑝
𝑏

= 𝐾

2

Full equation including semiflexible chains (𝑹𝒊𝒏~𝒃𝑲):

𝑅𝑚𝑎𝑥 = 𝑛𝑥𝑙

- persistence length of a strand

- contour length of a strand

𝜎𝑡𝑟𝑢𝑒
𝐺

𝜆 =
3

𝜆2 − 𝜆−1
𝛽𝐼1  𝜆

1 + 2 1 −
3

−2

𝐼1 𝜆 = 𝜆2 + 2Τ𝜆 - first invariant

A. V. Dobrynin et al., Macromolecules 44, 140 (2011)

𝐸0 = 𝐺 1 +
2

- Young’s modulus at 𝜆 → 1

- structural modulus𝐺 ≅

𝛽 =

𝜌𝑅𝑇

𝑀𝑥

𝑅2

𝑚𝑎𝑥𝑅2
𝑖𝑛  ≅

𝑏𝐾 

𝑅𝑚𝑎𝑥

2

1 − 𝛽

- strain-stiffening (firmness)

Mechanical characteristics:

𝐸0

𝜆 = 𝐿Τ𝐿0 = 1 + 𝜀

𝜎𝑡𝑟𝑢𝑒
𝑅𝑖𝑛

𝑏𝐾~𝑅𝑖𝑛

𝛽

12

Equation of state: Transition from semiflexible to flexible

𝐸0

𝜎𝑡𝑟𝑢𝑒

0𝜆 = 𝐿Τ𝐿 = 1 + 𝜀

Full equation including semiflexible chains (𝑹𝒊𝒏~𝒃𝑲):

𝜎𝑡𝑟𝑢𝑒  𝜆 = 𝜆2 − 𝜆−1 1 + 2 1 −
1𝐺 𝛽𝐼 𝜆

3 3

−2

𝛽

flexible strands (𝑅𝑖𝑛 ≫ 𝑏𝐾):

𝜎𝑡𝑟𝑢𝑒 𝜆 = 𝐺 𝜆2 − 𝜆−1

𝑏𝐾

𝑅𝑚𝑎𝑥
𝛽 ≅ → 0

𝐸0 ≅ 3𝐺

𝐸0 = 𝐺 1 +
2

1 − 𝛽 2

Approximation for flexible chains (𝑹𝒊𝒏 ≫ 𝒃𝑲):

For flexible chains, 𝐸0 is defined by crosslink density

𝐸0 ≅ 3𝐺

𝐸0 = 𝐺 1 +

Young’s modulus depends on chain flexibility (𝑏𝐾) as

2

1 − 𝛽 2

13
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monomer

crosslinker

Unknown network:
“Black box”

st
re

ss
𝐸0,𝑖

strain

𝛽𝑖

𝛽 , 𝐸𝑖 0,𝑖

𝑓

𝑏𝑘
𝑛𝑥,𝑖

𝜅𝑖

Forensics of polymer networks

[𝐸0,𝑖, 𝛽𝑖] = 𝑓  𝜌, 𝑓, 𝑏𝑘, 𝑛𝑥,𝑖, 𝜅𝑖

HI𝑛𝑥,1 𝑛𝑥,2 𝑛𝑥,3

𝑛𝑒

𝑛𝑥

𝑏𝐾
𝑓

Extracting network structure from the non-linear response to deformation

14Nature Materials 22, 1394 (2023)

2 7
0.0

1

0.4

0.2

0.6

0.8

1.0

𝜎
𝑡𝑟
𝑢
𝑒

(𝑀
𝑃
𝑎

) 𝒏𝒙

20

50

100

200

𝑛𝑥 = 20
50

100

200

Pol(n-butyl acrylate) networks with different crosslink densities

𝜀ሶ = 0.005 𝑠−1

3 4 5 6

𝜆 = 𝐿Τ𝐿0

Targeted 𝑛𝑥

𝑛𝑥

74

𝑏𝐾

Two issues:

• actual 𝑛𝑥 is unknown (Note: the indicated 𝑛𝑥 values are targeted ones)

• Kuhn length (𝑏𝐾) is unknown
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2 5 6 7
0.0

1

0.2

0.4

0.6

0.8

1.0

3 4

𝜆 = 𝐿Τ𝐿0

𝜎
𝑡𝑟
𝑢
𝑒

(𝑀
𝑃
𝑎

)

𝒏𝒙 𝑮 𝒌𝑷𝒂 𝑮𝒆 𝒌𝑷𝒂 𝜷 𝑬𝟎 𝒌𝑷𝒂

20 102.4 36.3 0.133 483.8

50 46.5 20.2 0.045 209.1

100 25.1 23.5 0.031 149.1

200 17.3 18.3 0.014 107.8

𝑥𝑛 = 20
50

100

200

Fitting analysis

Fitting with the equation of state (red dashed lines)

𝑛𝑥 𝑏𝐾

𝜎𝑡𝑟𝑢𝑒 𝜆 = 𝜆2 − 𝜆−1 𝑒 + 1 + 2 1 −
𝐺 𝐺 𝛽 𝜆2 + 2𝜆−1

𝜆 3 3

−2

0 3 𝐺

𝐺 3𝐺𝑒
𝐸 = 1 + + 2 1 − 𝛽

75

−2

1 2 5 6 7
0.0

0.2

0.4

0.6

0.8

1.0

3 4

𝜆 = 𝐿Τ𝐿0

𝜎
𝑡𝑟
𝑢
𝑒

(𝑀
𝑃
𝑎

)

0
0.00 0.03 0.06 0.09 0.12 0.15

20

40

60

80

100

120

𝐺
 (
𝑘
𝑃
𝑎

)

𝛽

𝜌𝑅𝑇𝑙

𝑀 𝑏0 𝐾

𝑛𝑥 = 20
50

100

200

Pol(n-butyl acrylate) networks with different crosslink densities

𝐺 ≅
𝜌𝑅𝑇

𝑀𝑥
≅

𝜌𝑅𝑇

𝑀0𝑛𝑥

𝛽 =
𝑅𝑖𝑛

2

𝑅𝑚𝑎𝑥
2

𝑏𝐾≅
𝑅

𝑏𝐾

𝑚𝑎𝑥 𝑥

≅
𝑛  𝑙

𝜌𝑅𝑇𝑙

0 𝐾

𝐺 ≅ 𝛽
𝑀 𝑏

𝑏𝐾 = 1.8 ± 0.1 𝑛𝑚
𝒏𝒙.𝐭𝐚𝐫𝐠 𝒏𝒙.𝐚𝐜𝐭

20 54

50 160

100 232

200 514

𝑛𝑥 ≅
𝑏𝐾

𝛽𝑙

PBA:

𝑀0 = 128 𝑔Τ𝑚𝑜𝑙

𝜌 = 1.08 𝑔Τ𝑐𝑚3

𝑙 = 0.25 𝑛𝑚

𝑅 = 8.31 𝐽Τ𝑚𝑜𝑙 ∙ 𝐾

𝑇 = 298 𝐾

Two measured properties (𝐺 and 𝛽) give two network parameters (𝑛𝑥 and 𝑏𝐾) 17
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2 10

2

4

6

8

10

4 6

𝜆𝑚𝑎𝑥,𝑡ℎ𝑒𝑜𝑟 = 1Τ
8

𝛽

𝜆
𝑚
𝑎
𝑥

,𝑒
𝑥
𝑝

Elongation-at-break: expected vs. measured

𝜆𝑚𝑎𝑥,𝑡ℎ𝑒𝑜𝑟 ≅
𝑅𝑚𝑎𝑥

≅
1

𝑅𝑖𝑛 𝛽

0.0
1 2 3 4

𝜆 = 𝐿Τ𝐿0

5 6 7

0.2

0.4

0.6

0.8

1.0

𝜎
𝑡𝑟
𝑢
𝑒

(𝑀
𝑃
𝑎

)

𝑛𝑥 = 20
50

100

200

𝜆𝑚𝑎𝑥,𝑒𝑥𝑝

𝛽 ≡ 𝑖𝑛 𝑅2

𝑚𝑎𝑥𝑅2

strain-stiffening parameter: strand elongation:

𝜆𝑚𝑎𝑥,𝑒𝑥𝑝 < 𝜆𝑚𝑎𝑥,𝑡ℎ𝑒𝑜𝑟

𝒙

77

𝒏 𝝀𝒕𝒉𝒆𝒐𝒓 𝝀𝒎𝒂𝒙

20 2.7 2.0

50 4.7 2.9

100 5.7 4.0

200 8.5 6.2

Experimental elongation-at-break is always lower than the theoretical one due to molecular and macroscopic defects.

Real networks have defects

Dangling end

Loop

𝑛𝑥 𝑛𝑥Τ2

𝑓 = 4 −
2 𝑁𝑐 + 2

𝑐𝑁
2 − 2𝑁𝑐 + 4

𝑁𝑐 = 𝑁/𝑛𝑥
𝑓 = 2𝑓 = 3𝑓 = 4

The dangling ends not only influence the density of the stress-supporting strands but also 
decrease the effective crosslink functionality.

tetrafunctional crosslinks:

78

𝑁 - primary chain
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Forensics or real networks

𝐺𝛼

𝐺𝑚𝛽
= 1 −

2

𝑓
𝐶𝑙𝑜𝑜𝑝

𝑙 1
𝛼 −

𝑏𝐾 𝑁

1 −
2

𝑓

𝐶𝑙𝑜𝑜𝑝
𝑁

𝐺𝛼

𝐺𝑚𝛽

𝛼−1 = 
𝑛𝑥𝑙

𝑏𝐾

Dangling end

Loop

𝑛𝑥 𝑛𝑥Τ2

𝐶𝑙𝑜𝑜𝑝
2 𝑙

1 −
𝑓 𝑏𝐾

𝑓

𝑓, 𝑁, 𝐶𝑙𝑜𝑜𝑝 are difficult to decouple without additional information

Nature Materials 22, 1394 (2023) 20

What we have learnt so far

𝜎
𝑡𝑟
𝑢
𝑒

(𝑀
𝑃
𝑎

)

λ = 𝐿Τ𝐿0

80
120

200
300

𝑛𝑥 = 40

Equation of state:

Two uses of the equation:

𝑛𝑥 𝑏𝐾

1. Forensics 2. Encoding

𝜎𝑡𝑟𝑢𝑒 𝜆 = 𝜆2 − 𝜆−1 𝑒 +
𝐺 𝐺

𝜆 3
1 + 2 1 −

𝛽 𝜆2 + 2𝜆−1

3

−2

determine structure 
from stress-strain curves

projection for a desired 
stress-strain curve

1.0 1.2 1.8 2.0
0.0

0.2

0.4

0.6

0.8

stretchable

Elastomer

soft, too

Aorta
soft-yet-firm
moderately 
stretchable

Vascular graft

stiff and brittle

1.4 1.6

λ = 𝐿Τ𝐿0

21

targeted-yet-unverified 𝑛𝑥’s
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Two problems: • low crosslink density is impeded by chain entanglements

• 𝑏𝐾 variation requires change of chemical composition

Network elasticity is controlled by two parameters: 𝒃𝑲 and 𝒏𝒙

1 2 41 2
0.0 0.0

0.2 0.2

0.4 0.4

0.6 0.6

0.8 0.8

1.0 1.0

3 4 5

λ = 𝐿Τ𝐿0

𝜎
𝑡𝑟
𝑢
𝑒

(𝑀
𝑃
𝑎

)

1 𝑛𝑚

3 𝑛𝑚

10 𝑛𝑚

𝜎
𝑡𝑟
𝑢
𝑒

(𝑀
𝑃
𝑎

)

100

𝑏𝐾 = 30 𝑛𝑚 𝑛𝑥 = 10

1000
10,000

3

λ = 𝐿Τ𝐿0

decrease of 
crosslink 
density

increase of
Kuhn length

1.0 3.0 4.0
0.0

0.5

1.0

1.5

2.0

𝜆 = 𝐿Τ𝐿0

𝜎
𝑡𝑟
𝑢
𝑒
𝑀
𝑃
𝑎

varying 𝐸0 at a
given 𝜆𝑚𝑎𝑥

22

Entanglement plateau modulus

101

103

105

107

109

0

2

4

6

8

Linear pBA melt (Mn=1.2106)

𝑒 𝑀𝑒

𝜌𝑅𝑇
𝐺 ≅ ≅ 105 𝑃𝑎

Chain entanglements

𝑀𝑒

𝐺

𝐺

tan ta
n


82

𝐺
 (
𝑃
𝑎

)

𝜔 (𝑟𝑎𝑑Τ𝑠)

It is challenging to make materials softer than the entanglement modulus:

𝐺𝑒

𝑒𝑀 ≅ 104 𝑔Τ𝑚𝑜𝑙

81
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Fat 0.02 kPa
Gland 0.1 kPa

83

Brain 0.3 kPa
Liver 0.5 kPa

Kidney 2 kPa
Lung 5 kPa

Muscle 10-100 kPa
Tendon 300 kPa
Cartilage 1000 kPa

Soft tissues are much softer than the entanglement modulus

𝑬 = 𝟏𝟎 𝑷𝒂 − 𝟏 𝑴𝑷𝒂

Q: How to disentangle chains?

Is the problem solved? Not quite… because 𝑫 ↑ results in 𝒃𝑲 ↑

zoom-out

Making molecules fatter...

𝐷

𝐿𝑒

𝑒𝐺 ≅
𝜌𝑅𝑇

𝑀𝑒

𝑅𝑇

𝑒

𝑅𝑇

84

≅ ≅
𝑉 𝐷𝐿𝑒

Entanglement modulus:

83

84
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Q: What is more entangled: flexible or rod-like molecules?

85

a) Flexible molecules

b) Rod-like molecules

c) They are equally entangled

Fat molecules: dilution vs. rigidity

linear polymers

Plateau modulus

𝑒

𝜌𝑅𝑇 𝑘𝐵𝑇 𝑘𝐵𝑇
𝐺 ≅ ≅ ≅

𝑀𝑒 𝑉𝑒 𝐿𝑒𝐷

𝑒𝐺 ≅
𝑘𝐵𝑇

𝑒𝐿 𝐷2
~

𝑒
2𝑃  𝐷6

~
𝑏3 𝑏3

𝐷6

𝑃𝑒 ≅
𝑉𝑝𝑒𝑟𝑣

𝑉𝑒

𝐿𝑒𝑏

Kavassalis-Noolandi conjecture

3Τ2

𝑒𝐿 𝐷2
≅ ≅ 20

dilution (monomer size)

rigidity (Kuhn length)

𝑉𝑝𝑒𝑟𝑣
pervaded volume

𝐷

𝐿𝑒

mesoscopic filaments

“dilution” is not enough… rigidity matters! 27
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liquid cylinderssolid cylinders

𝐷

𝐿𝑒

𝐷

𝐿𝑒

10 - 2

102 105

102

104

106

108

𝑳𝑴𝟐

𝑴𝑳
𝟎.𝟓

microtubules 

TMV

F-actin

ds-DNA

bottlebrushes
(MD simulation)100  titin

linear pBA

103  104

Kuhn length

𝑏 ≅ 𝐷

Bottlebrushes

𝐺𝑒~ 𝑛𝑠𝑐−3Τ2

Kuhn length

𝑏 ≅ 𝐷4

Filament diameter

𝐷~𝑀𝐿 
1Τ2

𝐺𝑒~
𝑏3

𝐷6
~𝐷6 𝐺𝑒~

𝑏3

𝐷6

Rigidity of filaments

Entropic flexibilityEnergetic rigidity

~𝐷−3

𝐷~ 𝑛𝑠𝑐rigid filaments are 
more entangled

𝐿𝑀 (𝐷𝑎Τ𝑛𝑚)

𝑏
 (
𝑛
𝑚

)

28

10-6 10-2 102 106 1010
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Angular Frequency (rad/s)
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Architecturally disentangled polymer melts

100 102
102

103

104

105


G

e
 (

P
a
)

nBA Brushes (this paper) 

Polyolefin combs (Fetters)

PLA Brushes (Kornfield) 

Theory

-1.49

Entanglement plateau modulus

𝑒𝐺 ≅ 1 +
𝑛𝑠𝑐
𝑛𝑔

−3Τ2

The entanglement modulus is dropped
down to 100 Pa (the modulus of fat tissue)!

G

G
tan

~103 Pa

Nature Mater. 2016, 15, 183

linear poly(n-butyl acrylate)

brush-like poly(n-butyl acrylate)

𝑛𝑔

𝑛𝑠𝑐

101

𝑛𝑠𝑐Τ𝑛𝑔 + 1

ta
n

 𝛿

𝐺
 (
𝑃
𝑎

)

ta
n

 𝛿

𝐺
 (
𝑃
𝑎

)

29
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Solvent-swelled Solvent-free

Fat and Flexible Macromolecules Give Ultra-Soft, Super-Elastic 
Solvent-free Materials

Nature Mater. 15, 183 (2016) 30

0 𝑥𝜏𝑅  ≅ 𝜏 𝑛2

Chemical code: 𝑙, 𝑣, 𝑏, 𝜏0

• monomer length: 𝑙
• monomer volume: 𝑣
• chain flexibility: 𝑏
• monomer relaxation time: 𝜏0

Kuhn length 𝑏𝐾 = 𝑏~1 𝑛𝑚

Entanglement DP

Rouse time

𝑛𝑥

𝑛𝑒

𝑏𝐾

0

𝑘𝐵𝑇
𝐸 ≅ 3𝐺 ≅

𝛽 ≅
1

𝜆𝑚𝑎𝑥
2

𝑣𝑛𝑥

𝑏

𝑥

=
𝑛  𝑙

Modulus

Strain-stiffening and 
elongation-at-break

All properties of linear polymer networks are 
coupled: They cannot be varied independently 
of one another without changing chemistry

𝐸0

𝜎

𝜆 = 𝐿Τ𝐿0

𝛽

Controlling properties by architecture

Architectural code: 𝑛𝑥

single parameter!

𝜆𝑚𝑎𝑥

𝑒

𝑣2

𝑏𝑙 3
𝑛𝑒 ≅ 𝑃2 ~100
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𝑛𝑔

𝑛𝑠𝑐

𝑛𝑥

𝜏 ≅ 𝜏
𝑛𝑠𝑐

𝑔
𝑅 0 𝑛2 𝑛

2
𝑥

𝑣
𝑏𝐾 = 

𝑙3Τ2𝑏1Τ2

1 + 𝑛𝑠𝑐Τ𝑛𝑔

𝑠𝑐
𝑛1Τ2

~10 𝑛𝑚

𝑛𝑒  ≅
𝑏

𝑏𝐾

3
𝑛𝑠𝑐1 +
𝑛𝑔

2

𝑛𝑒,𝑙𝑖𝑛~1000

𝑛𝑥

𝑛𝑒

𝑏𝐾

Architectural code:

𝑛𝑠𝑐, 𝑛𝑔, 𝑛𝑥

multiple parameters

𝛽 ≅
𝑣 1 + 𝑛𝑠𝑐Τ𝑛𝑔

𝑥 𝑠𝑐
𝑙5Τ2𝑏1Τ2 𝑛  𝑛1Τ2

𝐺 ≅
𝑘𝐵𝑇

𝑣𝑛𝑥 1 + 𝑛𝑠𝑐Τ𝑛𝑔

𝜏𝑅  ≅ 𝜏0𝑛2
𝑥

All properties are coupled through 𝑛𝑥
decoupled: can be varied independently of
one another for a given chemistry

𝑏𝐾 = 𝑏~1 𝑛𝑚

𝑒

𝑣2

𝑏𝑙 3
𝑛𝑒 ≅ 𝑃2 ~100

Kuhn length

Entanglement DP

Rouse time

0

𝑘𝐵𝑇
𝐸 ≅ 3𝐺 ≅

𝛽 ≅
1

𝑚𝑎𝑥𝜆2 =

𝑣𝑛𝑥

𝑏

𝑛𝑥𝑙

Modulus

Strain-stiffening and 
elongation-at-break

Controlling properties by architecture

32

“Golden” rule: Stiffer materials are less flexible

Biological tissues do no follow the rule: Independently 
varying stiffness and extensibility

From a textbook:

109

107

105

103

101

10-2 10-1 100 101

graphene

metals
wood

EPDM

silicone

skin

blood vessels

cartilage

collagen

PE, PP

PS, PMMA

ligament

kidney
2𝐸

Τ
𝜌

 (
𝐽Τ
𝑘
𝑔

)

𝜆𝑚𝑎𝑥

“Biological 
triangle”

Rubber

Bone

Steel

Tissue

Glass

𝐺~𝛽 ≅
1

𝜆𝑚𝑎𝑥
2

𝑏

𝑥

=
𝑛  𝑙

33
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Breaking the “Golden rule”

𝜌𝑅𝑇 1
𝐺 ≅ ~

𝑚𝑜𝑛𝑥 𝑛𝑥

𝜆𝑚𝑎𝑥
𝑅

≅ 𝑚𝑎𝑥  ~
𝑅0

𝑛𝑥

𝐺~
1

𝜆𝑚𝑎𝑥
2

𝜆𝑚𝑎𝑥 ↓ with 𝐺

“golden rule”

𝐺~
𝑛𝑔

𝑛𝑥𝑛𝑠𝑐

λ𝑚𝑎𝑥 ≅
𝑔𝑛
1Τ4

𝑠𝑐
𝑛1Τ4 𝑥𝑛

1Τ2

𝑚𝑎𝑥𝐺~𝜆4

Linear-chain elastomers: Bottlebrush elastomers:

𝐸, 𝑃𝑎

𝑛𝑥

~105

~5 𝜆𝑚𝑎𝑥

entanglements

restricted area

𝐸, 𝑃𝑎

𝑛𝑔

𝑛𝑠𝑐

𝑛𝑥
~105

~5

ii

𝜆𝑚𝑎𝑥

i
iii 
4

iv 
-2

𝜆𝑚𝑎𝑥 ↑ with 𝐺

34𝐺 and 𝜆𝑚𝑎𝑥 are coupled 𝐺 and 𝜆𝑚𝑎𝑥 are decoupled

Architecture-Chemistry Superposition

𝑛𝑔

𝑛𝑠𝑐

𝑛𝑥

𝑛𝑠𝑐, 𝑛𝑔, 𝑛𝑥 PIB (Tg=-75C) PBA (Tg=-54C)

Matching elasticity by architecture

400

PDMS (Tg=-125C)

𝑛𝑠𝑐

𝑛𝑠𝑐

𝑛𝑠𝑐

0
1 2 3 4

𝜆 = 𝐿Τ𝐿0

100

200

300 PIB
[18, 4, 100]

PDMS
[14, 1, 100]

PBA
[20, 16, 100]

1 2 3

𝜆 = 𝐿Τ𝐿0

4 5
0

20

40

60

80

Same architecture - different elasticity
100

[𝑛𝑠𝑐, 𝑛𝑔, 𝑛𝑥]

PDMS𝜎
𝑡𝑟
𝑢
𝑒

(𝑘
𝑃
𝑎

)

PIB

PBA

[18, 1, 100]

𝛽 ≅
𝑣 1 + 𝑛𝑠𝑐Τ𝑛𝑔

𝑙 𝑏5Τ2 1Τ2 𝑛𝑥𝑛𝑠𝑐
1Τ2

𝑘𝐵𝑇

𝑥

𝐺 ≅
𝑣𝑛 1 + 𝑛 Τ𝑛𝑠𝑐 𝑔

35

93

94



12/14/2023

48

𝑛𝑔

𝑛𝑠𝑐
𝑛𝑥

PDMS replicas of living tissues

𝒏𝒔𝒄, 𝒏𝒈, 𝒏𝒙

Architectural code
Mechanical phenotype

• Sci. Adv. 8, eabm2469 (2022)
• Nat. Comm. 12, 1-11 (2021)
• Adv. Mater. 32, 2005314 (2020)
• Science Robotics 3, eaat7175 (2018)
• Science 359, 1509 (2018)
• Nature 549, 497 (2017)
• Advanced Mater. 29, 1604209 (2017)
• Nature Mater. 15, 183 (2016)
• US Patent 10640649 Architectural programming of tissue mechanics

□  △○ :  Real tissues

Encoding tissue mechanics by architecture

36

“Reverse tissue engineering”

𝑒𝑛𝑔

𝐺

3
𝜎 𝜆 = 𝜆 − 𝜆−2 1 + 2 1 −

1

3

𝛽𝐼 𝜆 −2

𝛽 =
𝑅2

𝑅2
𝑖𝑛   =

1

𝑚𝑎𝑥  𝑚𝑎𝑥𝜆2

𝐼1 𝜆 = 𝜆2 + 2Τ𝜆

2) Fitting analysis

3) Molecular model

𝛽 ≅
𝑛𝑠𝑐
𝑛𝑔

𝑥𝑛
−1𝐺~

𝑛𝑔

𝑛𝑠𝑐
𝑥𝑛
−1

0.0
1.0 1.2 1.4 1.6

𝜆 = 𝐿Τ𝐿0

1.8 2.0

2.0

4.0

6.0

8.0

10.0

𝜎
𝑒𝑛
𝑔

(𝐾
𝑃
𝑎

)

1) Measurement (real tissue)

4) Architectural code

𝒏𝒔𝒄, 𝒏𝒈, 𝒏𝒙

5) Synthetic replica 𝑛𝑔

𝑛𝑠𝑐

𝑛𝑥

Nature 549, 549 (2017)

Dog lung: J. Appl. Physiology
82, 32 (1997)

silicone

37
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Enhancing firmness

advanced code:

𝒏𝒔𝒄, 𝒏𝒈, 𝒏𝒃𝒃, 𝒏𝑨, 𝝌𝑨𝑩

𝑛𝑠𝑐

𝑛𝑏𝑏𝑛𝑔

PMMA
PMMA

PDMS

𝑛𝑏𝑏 𝑛𝐴

1 2 3

𝜆 = 𝐿Τ𝐿0

4
0

200

400

600
nbb=900 nsc=14

200

300

𝐴𝑁  = 1200 700

𝜎
𝑡𝑟
𝑢
𝑒

(𝑘
𝑃
𝑎

)

1.2 2.4
0

20

40

80

60 iliac artery

dog lung

𝜎
𝑡𝑟
𝑢
𝑒

(𝑘
𝑃
𝑎

)
1.6 2.0

𝜆 = 𝐿Τ𝐿0

muscle fiber
𝟑𝟎𝟎, 𝟏𝟖𝟎

𝟔𝟎𝟎, 𝟐𝟗𝟎

𝟏𝟖𝟎𝟎, 𝟕𝟖𝟎

𝒏𝒃𝒃, 𝒏𝑨 combinations𝒏𝑨  effect

Science 359, 1509 (2018)

Self-assembled, moldable, reversible thermoplastic elastomers

𝝌𝑨𝑩

38

Biological gels: Independent mechanics and swellability

Can we design gels with the modulus ranging from 0.1 to 100 kPa at a constant solvent fraction?

70% water

0.1 kPa

1 kPa

5 kPa

50 kPa

2 kPa

1000 kPa

20 kPa

10 kPa

100 kPa

39
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𝑄𝑒𝑞

𝑛𝑠𝑐Τ𝑛𝑔 increase

𝐺𝑔𝑒𝑙

𝑛𝑔
𝑛𝑠𝑐

iso-𝑄

is
o

-

𝐺

decoupled

𝑄𝑒𝑞

𝐺𝑔𝑒𝑙

𝑛𝑥

𝑥~𝑛−1−𝛼Τ3

𝑥~𝑛𝛼

coupled

Synthetic gels: Stiffness and swellability are coupled

independently varying gel modulus 
and equilibrium swelling ratio

modulus and equilibrium swelling 
ratio are coupled

𝑒𝑞 𝑉𝑑𝑟𝑦
𝑥

𝑉𝑔𝑒𝑙 3Τ8
𝑄 = ~𝐺−3Τ8~𝑛

Equilibrium swelling ratio (Flory-Rehner for -solvent):

- 𝑄 and 𝐺 are directly coupled through 𝑛𝑥

Different stiffness’ at equal solvent content

ACS Central Sci. 8, 845 (2022)

𝑛𝑔
𝑛𝑠𝑐

𝑛𝑥

0.5

1.0

1.5

2.0
[11,1,700]

[41,2,230]

[23,4,300]

[11,10,350]

linear, nx=520

𝜎
𝑡𝑟
𝑢
𝑒

(𝑘
𝑃
𝑎

)

Different 𝑮’s at the same 𝑸𝒆𝒒 ≅ 𝟏𝟒

3𝐺𝑔𝑒𝑙
2.0
1.4

0.0
1.00 1.01 1.02 1.03 1.04 1.05

λ = 𝐿Τ𝐿0

7.5

4.6

𝑔𝑒𝑙𝐺 = 13.2 𝑘𝑃𝑎
fetal 
membrane

pig belly 
skin

dog lung 

brain tissue

blood vessel

brushes

[11,1]

[11,3]

[23,2]

[23,4]

[41.2]

combs
[11,5]

[11,10]

[23,10]

𝑄𝑒𝑞

-3

𝐺
𝑔
𝑒𝑙

𝑘
𝑃
𝑎

𝑸𝒆𝒒 ≅ 𝟏4

7

𝑒𝑞𝐺𝑔𝑒𝑙 ~𝑄−3

𝑛𝑠𝑐, 𝑛𝑔

linear

Modulus vs swelling ratio

𝑛𝑠𝑐, 𝑛𝑔, 𝑛𝑥

10
0
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1 2 4 5
0

1

2

3

4

3

𝜆 = 𝐿Τ𝐿0

𝜎
𝑡𝑟
𝑢
𝑒
𝑀
𝑃
𝑎

elastic: soft-yet-firm

𝑛𝑔

𝑛𝑠𝑐

𝑛𝑥

𝑛𝑥

𝑛𝑒

Brush PBA
𝑛𝑠𝑐 = 41
𝑛𝑥 = 200

Linear PBA
𝐸0 = 340 𝑘𝑃𝑎
𝑛𝑥 = 100

𝐸0 = 2.1 𝑘𝑃𝑎

Outlook: Architectural control of dynamic properties

102

10-2 10-1 100

𝑓(𝐻𝑧)
101 102

103

104

105

106

dynamic: extended relaxation

107

Linear PIB
𝐺

′ a
n

d
 𝐺

" 
(𝑃
𝑎

)

Brush PIB

steady oscillatory
𝜀ሶ 𝑓

𝜀

𝜀

𝑡𝑖𝑚𝑒

ሶ 𝑡𝑖𝑚𝑒

𝜀

𝐺′

10
1

𝐺′′

Architecturally tuning polymer relaxation

𝑛𝑔

𝑛𝑠𝑐

𝑛𝑥𝑛𝑥
𝜏𝑅,𝑙𝑖𝑛 ≅ 𝜏0𝑛2

𝑥

Single parameter: limited control Multiple parameters: wider range

𝑛𝑥 < 𝑛𝑒,𝑙𝑖𝑛 ≅ 100

𝑥𝑛 < 𝑛𝑒,𝑙𝑖𝑛

𝑛𝑠𝑐
𝑛𝑔

1Τ2

≅ 1000
entangled

disentangled

𝑅

𝐿

bottlebrush
𝑅2

𝜏𝑅 ≅ 
𝐷

𝐷 =
𝑘𝐵𝑇

𝜉

𝑉

≅
𝜉0

𝑘𝐵𝑇 𝑣2Τ3

𝑅2
𝜏𝑅,𝑏𝑏 ≅ 𝜏0

𝑛𝑠𝑐

𝑛𝑔
𝑥2 𝑛
2

𝑅2 ≅
𝑅𝑠𝑐

𝑛 𝑛1Τ2

≅ 𝑥 𝑠𝑐 

𝑛𝑔

assuming no interpenetration 
of side chains

𝜏𝑅,𝑏𝑏 ≅ 𝜏0

𝑛𝑠𝑐

𝑛𝑔
𝑥2 𝑛
2

- Rouse time

10
2

101

102
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0 1 4 5
0.0

0.1

0.2

0.3

0.4

0.5

2 3

𝜀 = ∆ℎΤℎ0

𝜎
𝑒
𝑛
𝑔
(𝑀

𝑃
𝑎

)

[18,1,100][18,4,100]
[18,8,100]

𝑊𝑎𝑑ℎ(𝐽/𝑚2)
= 330 545 638

17 𝑙𝑏Τ𝑖𝑛2
44 𝑙𝑏Τ𝑖𝑛2

57 𝑙𝑏Τ𝑖𝑛2

Effect of architecture on viscoelasticity and adhesion

ACS Central Sci. 9, 197 (2023)

[23,2,100]

[41,2,100]

𝐺
′ , 
𝐺

" 
(𝑃
𝑎

)

100

𝑓(𝐻𝑧)

𝐺′

𝐺"
102

10-2 10-1 101 102

103

104

105

𝑅,𝑏𝑏Viscoelasticity: 𝜏 ≅ 𝜏

106

𝑛𝑠𝑐, 𝑛𝑔, 𝑛𝑥

[11,2,100]

𝑛𝑠𝑐

𝑔
0 𝑛2 𝑛𝑥

2 Adhesive stress

𝑛𝑔

𝑛𝑠𝑐

𝑛𝑥

Architecture: 𝑛𝑥, 𝑛𝑔, 𝑛𝑠𝑐

𝑛𝑥 = 100 − 1000

𝑔𝑛 = 1 − 16

𝑛𝑠𝑐 = 10 − 100

𝑛𝑠𝑐

Chemistry: PIB

44

𝜎𝑒𝑛𝑔

10-6

10-5 10-3 10-1 101 103

10-4

10-2

100

102

104

[100,1,18] [100,2,18] [100,4,23]

[150,1,18] [100,4,18] [100,8,23]

[200,1,18] [100,8,18] [100,8,41]

[300,1,18] [100,16,18]

𝑊
𝑎
𝑑

ℎ
Τ
𝐺

0
(𝑚

)

peel off rate 𝜀

𝑛𝑥, 𝑛𝑔, 𝑛𝑠𝑐

Work of adhesion

Distinct benefits

• No residues on skin (no leaching)
• Flexing with skin
• Sweat resistant
• Tunable adhesion for specific applications
• Adaptable for molding, film casting, and 3D printing

The All-in-One Adhesives

• tackiness

• water sorption

• elasticity

C

Integrating multiple functions in one molecule without using additives

Elastic and tacky

D

A
B

45
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Moldable elastomers: Integrating tissue mechanics and adhesion into a 
biomedical device

Nicotine

Δ
Epidermis

Dermis

Hypodermis

Transdermal drug delivery system
As prepared Annealed

self-assembly

moldable

ACS Appl. Mater. Interf. 15 (35) 41870 (2023) 46

Conclusion and Outlook: Artificial Intelligence in Soft Materials Design

l

v

b
ng

nsc 

nx

𝐺, 𝛽, tan 𝛿

𝑙
𝑣
𝑏

𝑛𝑔 𝑛𝑠𝑐

𝑛𝑥

𝑙, 𝑣, 𝑏, 𝜌, 𝜏0

chemistry

𝑏𝐾, Φ 𝑛𝑥, 𝑛𝑔, 𝑛𝑠𝑐 𝐺, 𝛽, tan 𝛿

conformation architecture properties

Modulus

A
I p

re
d

ic
te

d

2 4 6 8 10

Measured (104Pa)

0
0

10

8

6

4

2

47ACS Macro Lett. 12, 1510 (2023)
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THE LIVE Q&A IS
ABOUT TO BEGIN!

Keep submitting your questions 
in the questions window!

www.acs.org/acswebinars
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❖  Be part of a community of highly motivated experts in polymer science and engineering

 with convenient opportunities for networking

❖  Enjoy the technical programming at ACS National Meetings and support for regional

 meetings in polymer science and engineering

❖  Be eligible to be nominated and to nominate others for PMSE awards 

THE BENEFITS OF PMSE MEMBERSHIP

 

❖ Take advantage of volunteer and leadership opportunities for both students and professionals (committees, governance, 

and award panels)

❖ Obtain support and networking for early career scientists through the local PMSE chapters

❖ Make use of educational, professional development resources, and polymer-specific techniques through the MACRO 

initiative

❖ Participate in expert-led technical webinars focusing on techniques and methods relevant to polymer materials

❖ Take part in professional development at a range of levels, from undergraduate students through early career independent

scientists and  engineers 

z

www.acs.org/membership

110

Have a Different Question?
Contact Membership Services

Toll Free in the US: 1-800-333-9511

International: +1-614-447-3776

service@acs.org
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www.acs.org/acswebinars

111

Edited Recordings
are an exclusive benefit for ACS Members with the 
Premium Package and can be accessed in the 
ACS Webinars® Library at www.acs.org/acswebinars

Learn from the best and brightest minds in chemistry!
Hundreds of webinars on a wide range of topics relevant to 
chemistry professionals at all stages of their careers, presented 
by top experts in the chemical sciences and enterprise.

Live Broadcasts
of ACS Webinars® continue to be available free to 
the general public several times a week generally 
from 2-3pm ET. Visit www.acs.org/acswebinars to 
register* for upcoming webinars. 

*Requires FREE ACS ID

www.acs.org/acswebinars
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