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Surface Wrinkling: A Powerful Tool for 
Measuring Material Properties
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Motivation

Indentation Membrane Punch

Raegan et al. Eur. Phys. J. E 19, 453-459 (2006)

Challenged by thin (soft) polymers
- substrate effects!

o Mechanical properties (e.g., modulus, Poisson’s ratio, CTE) are critical in many applications.
- performance and reliability
- predictive modeling of complex systems

o Measuring mechanical properties of sub-micron (nano) films remains difficult.

Nanomechanics:



3

Wrinkling-Based Metrology

Stafford et al., Nature Mater (2004)

PS Film / PDMS

Young’s Modulus Measurements:

Es, hf : known
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Surface Wrinkling 

thin stiff film

ε soft substrate

Mechanical 
+ Thermal 

On Pre-patterned 
Substrates 

Solvent Swelling through 
Initial Defects

Stripes Herringbones Labyrinths

Thermal Contraction

Mechanical Compression

news.bbc.co.uk
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ε soft substrate

thin stiff film

Surface Wrinkling - Mechanics
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- interface must be well-bonded 

- materials behave elastically

)1/( 2ν−= EE

hs >> hf

Es << Ef

Governing Equations:

Volynskii et al., J Mater Sci (2000), Groenewold, Phys A
(2001)*, Huang, J Mech Phys Solids (2005)

Wrinkling wavelengths are insensitive to 
strain for low strain levels and wrinkles 
are reversible.
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Mechanical Thermal(PS Film / PDMS)

Mei, Chung, Stafford, 
Yu & Huang, APL (2007)Harrison et al., APL (2004)
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Wrinkling-Based Metrology

Stafford et al., Nature Mater (2004)

PS Film / PDMS

Young’s Modulus Measurements:

Es, hf : known
Reverse metrology – Employ a ‘sensor’ film 
of known modulus and thickness to report 
back the substrate modulus:

sensor film
contact 

lens
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PMMA Film / 
Contact Lens

NCMC Focus Project

Ef, hf  : known3
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Wilder et al., Macromolecules (2006)
Chastek, Chung, Hopson, Fasolka & Stafford (in progress)
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Taking on the challenge of difficult systems:
Wrinkling Approach:  Mechanical Modulus 
across Gradient Polymer Film Libraries

Stafford et al., Nat Mater (2004)
Stafford et al., Rev Sci Instrum (2005)
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LbL assembly of polyelectrolytes 
directly on PDMS

PAH
PAA

Nolte et al., Macromolecules (2005) and (2006)
Nolte, Chung, Walker & Stafford (submitted)

Modulus of ultrathin films (< 100 nm!)

Extend
Limit

Polymer brush 
layers tethered 
on PDMS

Huang, Chung, Nolte & 
Stafford, Chem Mater (2007)

Leveraging Wrinkling Approaches (I)

Stafford et al., Macromolecules (2006), 
Huang et al. J Aerospace Eng (2007)
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o Thermo-mechanical properties

o Residual stress

Access to thermo-mechanical properties

Temperature-
Dependent Modulus 4 cm

Mechanical compression 
at an elevated temp.
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Leveraging Wrinkling Approaches (II)

Taking on the challenge to perform difficult measurements:

Chung, Chastek, Fasolka, Ro & Stafford (submitted)

Chung & Stafford (in progress)
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Poisson’s Ratio Measurement

L0 (~ cm)
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rectangular hole

PDMS

L0

Strain (ε) 

thin elastic film
(e.g., PS, PMMA, …)
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bilayer
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Chung et al., (in progress)

free-standing film

vf (Poisson’s ratio) is 
only unknown

ε
(strain) increases
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Cerda et al., Nature
(2002) and PRL (2003)

hf (100s of nm thick)

L0 (~ 1 mm)
W0 (< mm)

Spin-casting Lift-off 
onto 
PDMS

Thin Film Dicing
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Diffusion Coefficient Measurement

Differential swelling (Defect-mediated wrinkling nucleation and growth)
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Stafford (submitted)

Growth kinetics of spoke and target patterns
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11Surface Wrinkling: A Powerful Tool for 
Measuring Material Properties

- Elastic Modulus of Thin Films:

- Themo-Mechanical Properties: temperature-dependent modulus
coefficient of thermal expansion

- Residual Stress: nanoscale thin spin-cast polymer films

- Poisson’s Ratio: glassy polymers
apply to low-k dielectric materials (collaboration  
w/ IBM)

- Diffusion Coefficient: glassy polymers

glassy polymers (PS and PMMA)
hydrated polymer gels (contact lenses)
polymer brush layers
polyelectrolyte multilayers
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Chung, Youngblood & Stafford, Soft Matter (2007)

R

patterned substrate

P

δ
2a

spherical 
probe

Controlled topography: wettability & adhesion studies, …

Periodic nature of wrinkling: tunable phase grating, microfluidics,…

zeroth

first
second

third

Harrison, Stafford, Zhang & Karim, APL (2004)

Surface Wrinkling - Technology
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Questions?

pre-existing defect

engineered defects

pre-existing defect

engineered defects
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