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Polydimethylsilosane	  (PDMS)	  
The	   polydimethylsiloxane	   (PDMS)	   is	   obtained	   star?ng	  
from	   dimethylchlorosilane	   [(CH3)	   2SiHCl]	   which	   is	   a	  
chemical	  compound	  produced	  by	  direct	  reac?on	  between	  
silicon	   and	   methyl	   chloride	   (CH3Cl).	   For	   subsequent	  
hydrolysis	   of	   dimethyldichlorosilane	   cyclic	   and	   linear	  
siloxanes	   are	   obtained,	   subsequently	   they	   are	  
polymerised	   in	   order	   to	   produce	   silicone	   polymers.	   The	  
PDMS	   polymer	   is	   formed	   by	   the	   sequence	   of	   the	  
following	  monomer:	   	  CH3	  

	  	  	  |	  
-‐	  Si-‐O	  -‐	  
	  	  	  |	  
	  	  CH3	  

It	   is	   characterized	   by	   a	   remarkable	   resistance	   to	  
temperature,	  to	  chemical	  aSack,	  to	  oxida?on,	  it	  is	  an	  
excellent	  electrical	  insula?ng	  and	  resistant	  to	  aging;	  it	  
is	   op?cally	   clean	   (transparent),	   it	   is	   biocompa?ble,	  
inert,	   it	   is	   neither	   toxic	  nor	  flammable.	   This	  polymer	  
also	   does	   not	   bind	   to	   either	   the	   glass,	   neither	   the	  
metal	  nor	  the	  plas?c	  during	  solidifica?on,	  but	  retains	  
greater	  grip	  on	  smooth	  surfaces	  once	  solidified.	  	  



PDMS	  
Features	  
•  colourless	  
•  Boiling	  temperature>	  100°C	  
•  Real?ve	  density	  1.1	  
•  Dynamic	  viscoity	  3500	  Cen?poise	  
•  Dielectric	  Constant	  at	  100	  Hz	  =	  2.72	  
•  Dielectric	  Constant	  at	  100	  kHz=	  2.68	  
•  Dielectric	  Strength	  =	  500	  volts	  per	  mil	  v/mil	  
•  	  Heat	  Cure 	   	  10	  Minutes	  @	  150	  Deg	  C	  
•  	  Heat	  Cure 	   	  20	  Minutes	  @	  125	  Deg	  C	  
•  	  Heat	  Cure 	   	  35	  Minutes	  @	  100	  Deg	  C	  
•  	  Hydrophobic 	   	  	  
•  	  Mix	  Ra?o 	   	  10:1	  Base	  to	  Catalyst	  87-‐RC	  
•  	  Room	  Temperature	  Cure	  –	  Hours=	  48	  Hours	  
•  	  Self	  Leveling 	   	  	  
•  	  Shelf	  Life=	  720	  Days	  
•  Temperature	  Range	  -‐45	  Deg	  C	  to	  200	  Deg	  C	  
•  	  Thermal	  Conduc?vity=	  0.27	  WaSs	  per	  meter	  K	  
•  	  Volume	  Resis?vity	  =	  2.9e+014	  ohm-‐cen?meters	  
•  	  Water	  Resistant	   	  	  
•  	  Working	  Time 	   	  >	  90	  Minutes	  
•  Elas?c	  modulus	  around	  MPa	  



Methods	  to	  modify	  surface	  chemistry	  
of	  PDMS	  

	  

PDMS	  is	  hydrophobic	  
	  

Chemical	  and/or	  Phyisal	  treatment	  to	  increase	  its	  weIability	  

	  

Physical	  Treatments	  

	  

Chemical	  Treatments	  

1.   Exposure	  to	  UV	  ray	  (λ	  =	  350	  nm)	  

2.   Argon	  Plasma	  

3.   Dipping	  in	  Pyranha	  solu@on	  (H2SO4:H2O2	  30%	  m/m	  =	  3:1	  v/v)	  	  
4.   Dipping	  	  in	  H2O2	  30%	  m/m	  in	  deionised	  water	  



  

Ø  Deriva@sa@on	  with	  polyfunc@onal	  silanes	  in	  a	  solu@on	  of	  toluene	  and	  
deionsied	  water	  

  3-‐aminopropyl-‐trimethoxysilane	  
	  H2N-‐(CH2)3-‐Si-‐(OCH3)3	  
  3-‐mercaptopropyl-‐trimethosilane	  	  
	  HS-‐(CH2)3-‐Si-‐(OCH3)3	  

	  
	  

Ø  Ac@va@on	  of	  reac@on	  between	  carboxylic	  and	  nucelophylic	  gropuse	  di	  N-‐
ethyl-‐N’-‐(3-‐dimethylamminopropyl)-‐carbodiimmide	  (EDC)	  	  
	  e	  N-‐hydroxysuccinimmide	  (NHS)	  in	  acquar	  	  

	  

Func?onalisa?on	  of	  PDMS	  surface	  

O	  
	  	  	  	  	  	  Si-‐(OCH3)-‐(CH2)3-‐R	  +	  2CH3OH	  
O	  
	   	  	  	  	  	  	  	  	  R	  

	  

-‐NH2	  	  	  	  	  	  	  -‐SH	  
	  

	  

+	  



  
Stability	  of	  Microstructures	  

When	   a	   pressure	   is	   applied	   between	   the	   PDMS	   paSern	   and	   a	   substrate	   as	   in	  
microcontact	  prin?ng	  and	  the	  height	  of	  the	  silicon	  structures	  it	  is	  lower	  than	  the	  rela?ve	  
distance	  between	  the	  collapse	  of	  their	  structures.	  
And	  if	  the	  aspect	  ra?o	  is	  too	  high,	  the	  structures	  can	  be	  deformed	  and	  collapse.	  
They	  can	  adhere	  to	  each	  other	  if	  they	  are	  too	  close	  together.	  

Deformation and Distortion

Delamarche et al. showed that the aspect ratios (l/h) of the relief 
structures on PDMS surfaces had to be between about 0.2 and 2 in 
order to obtain defect‐free stamps. 

23

Delamarche	   et	   al.	   have	  
shown	   that	   the	   'aspect	  
ra?o	  (l	  /	  h)	  of	  structures	  
made	  of	  PDMS	  must	  be	  
between	   0.2	   and	   2	   to	  
have	   molds	   free	   of	  
defects.	  	  



  
Stability	  of	  Microstructures	  

Understanding	  the	  mechanisms	  that	  make	  the	  silicon	  structure	  stable	  and	  limita?ons	  in	  
the	   design	   of	   the	   paSern	   is	   cri?cal	   in	   soq-‐lithographic	   process.	   The	  main	   limita?on	   is	  
linked	  to	  the	  basal	  shear	  modulus	  that	  is	  less	  than	  1	  Mpa.	  
	  
	  
	  
	  

useful structures onthe surfaceof the stamp.For example,
Biebuyck et al.3 have experimentally demonstrated that
if theaspect ratioh/2a is too large, thepunches can collapse
under their own weight (buckling). Also, lateral collapse
of neighboring punches can occur during the inking
process, where the capillary and other forces experienced
by the punches are sufficiently large to cause contact
between them. Once contact occurs, punches may adhere
to each other due to surface adhesive forces5,6 (see Figure
2a). On the other hand, when the aspect ratio is too low,
all surfaces of the stamp (not only the raised punches) can
be deformed into contact with the substrate as illustrated
in Figure 2b. Once contact occurs, the contact area
increases due to the action of surface forces near the edge
of contact.5

A limitation not addressed by Delamarche et al.5 is the
effect of surface tension on the relief pattern. Due to the
low modulus of the elastomer, the relief pattern will not
retain its shapeafter release fromthemaster.Forexample,
consider an idealized silicon master with perfectly sharp
corners. After release, surface tension forces will deform
the as-molded sharp corners of the punches into smooth
equilibriumshapes that canbesubstantiallydifferent from
theirprerelease forms.Thiseffect isparticularly important
for high-resolution patterns where the dimensions of
individual punches are less than 1 micron.

Often, the stampsarebonded to stiffer layers to improve
dimensional stability and handling.6-7 However, the
shrinkage of the elastomeric layer cast against the stiff
layer gives rise to residual stresses,which can cause small
nonuniform distortions, as reported in ref 8.

The easiest way to prevent dimensional instability is
to increase the modulus of the elastomer. This approach
also has limitations. First, a high-modulus polymer (e.g.,
a glass) can increase the stress due to the chemical and
thermal shrinkage in the curing process, and this can
cause the newly formed stamp to separate from the
master.6 Second, it is considerably more difficult for a
high-moduluspolymer to establish conformal contactwith
the substrate in the presence of surface roughness. Third,
increasing the modulus often results in a decrease of

fracture toughness. This decrease can seriously affect the
resolutionand the reliability of the stampsince thehighly
inhomogeneous stress field underneath the punch in-
creasesas themodulus increases.Thestress concentration
at the sharp corners may lead to plastic deformation
(crazes and shear bands in glassy polymers) and cracking
of the stamp or the substrate.

Although the limitations mentioned above are well
documented qualitatively, the present authors are un-
aware of detailed analytical models of these problems. In
this work, we use contact and fracture mechanics to
establish criteria for pattern stability and conformality.
We expect that these criteria will provide guidelines for
the design of high-resolution stamps. We restrict our
attention here to reversible deformation; constraints on
the process due to inelastic deformation or fracture (other
than interfacial separation) are not considered.

The outline of this paper is as follows: in section 2, we
state and define the geometry of the problem. In section
3, we establish criteria for stamp stability under applied
load. These include buckling, lateral collapse, and surface
contact. The first two cases are relevant for high aspect
ratio stamps,whereas the surface contactmode is relevant
for stamps with low aspect ratios. In section 4, the shape
change caused by surface tension after the stamp is
released is considered. Insection5,weaddress theproblem
of residual stresses generated by thermal and chemical
shrinkagewhentheelastomericstampisbondedtoastiffer
layer. An exact solution of the internal stresses and
deformation is given. In section 6, analytical expressions
for the stress field underneath the punches are obtained
and the effect of surface forces on the deformation of the
punch is considered. In section 7, we consider the effect
of surface roughness and estimate the normal pressure
required to bring the stamp into intimate contact with
the substrate. This result allows us to establish an upper
limit for the modulus of the elastomer suitable for µCP.
In section 8, a theory of microcontact printing based on
punches with smooth surface relief (nonrectangular) is
proposed. The basic idea is to obtain submicron resolution
without submicron size relief. In section 9, an estimate is
given for the force needed to detach the stamp from a
substrate. The results of the previous sections are sum-
marized in section 10 and presented as a stability and
contact map.

2. Geometry and Definitions

Most of the results developed in this work are for a
periodic array of identical punches, as drawn in Figure 1.
The lateral dimension of the stamp, D (not drawn), is
assumed to be much greater than its thickness H which,
in turn, ismuchgreater than the dimension of the surface
features. The surface relief consists of identical (microme-
ter-sized) punches which are prisms with a rectangular
cross section. The axes of these prisms are parallel to the
z axis. The punches are equally spaced with spacing 2w
along the x axis. Leth be the height of a typical punch and
2a be its width. Our assumptions are

The number of punches per unit length in the x direction,
N, is related to the width and spacing of the punches by

The above geometry allows us to consider two-dimen-
sional deformations independent of the out-of-plane (z)

(6) Schmid, H.; Michel, B. Macromolecules 2000, 33, 3042.
(7) Folch, A.; Schmidt, M. A. J. Microelectromech. Syst. 1999, 8 (1),

85.
(8) Rogers, J. A.; Paul, K. E.; Whitesides, G. M. J. Vac. Sci. Technol.

1998, B16 (1), 88.

Figure 2. Two neighboring punches adhere to each other by
surface forces (a). Contact of the stamp “roof”with the substrate
due to an applied compressive load (b)

H/D , 1 h/H , 1 a/H , 1 w/H , 1 (1)

N ) 1
2(a + w)

(2)
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Biebuyck	  has	  shown	  experimentally	  that	  if	  h	  /	  2a	  is	  too	  large	  the	  structures	  collapse	  and	  
adhere	  to	  each	  other	  because	  of	  the	  pressure	  forces	  on	  the	  mold	  and	  of	  the	  capillary	  
forces	  due	  to	  the	  fluid	  that	  bathes	  the	  surfaces.	  	  



  
Stability	  of	  Microstructures	  

However	   if	   the	   aspect	   ra?o	   is	   too	   low,	   all	   the	   surfaces	   can	   be	   deformed	   due	   to	   the	  
surface	  adhesion	  forces.	  
	  
	  
	  

These	   phenomena	   are	   mainly	   due	   to	   the	   surface	   adhesion	   forces	   between	   the	  
substrate	   adhesion	   and	   silicon	   structures.	   If	   we	   consider	   a	  mold	   PDMS	   ideal	   with	  
regular	  and	  well	  straight	  topologically	  structures	  when	  these	  adhere	  to	  the	  substrate	  
surface	  tensions	  in	  place	  because	  of	  the	  low	  shear	  modulus	  of	  the	  silicon	  will	  begin	  
to	  deform,	  by	  varying	  the	  adhesion	  surface	  area	  and	  therefore	  the	  paSern	  key	  thing	  
to	  consider	  when	  having	  structures	  with	  submicron	  resolu?on.	  	  
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Stability	  of	  Microstructure	  

To	   reduce	   this	   problem	   you	   can	   increase	   the	   siliconeelas?c	   module	   incorpora?ng	  
par?cles	   or	   increasing	   the	   cross-‐linker	   but	   this	   alters	   the	   chemical	   and	   physical	  
characteris?cs	  of	  the	  material	  that	  may	  not	  adhere	  as	  well	  to	  master.	  Furthermore,	  the	  
increase	  of	  the	  rigidity	  of	  the	  mold	  leads	  to	  less	  surface	  area	  to	  concentrate	  stress	  in	  the	  
areas	   that	   during	   the	   manufacturing	   process	   may	   then	   break	   or	   come	   to	   a	   plas?c	  
deforma?on.	  
We	  analyze	  the	  problem	  and	  its	  possible	  solu?ons,	  using	  punches	  to	  a	  structure	  with	  a	  
rectangular	  sec?on.	  	  
h=	  	  Pillar	  Height	  
2a=	  Pillar	  width	  
D=	  	  Mold	  lateral	  size	  
H=	  	  Mold	  Thickness	  
	  
Hypotheses:	  
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Stampdeformation canaffect the dimensional stability of themicrocontact printing process.We consider
limitations imposed due to reversible deformation of a single stamp. Detailed analyses of several modes
of stamp deformation have been carried out. Stability criteria have been obtained for both vertical and
lateral collapse of surface relief features, including buckling. The shape change of surface features imposed
by surface tension has been analyzed, and the corresponding internal stresses are given in closed form.
The residual stresses induced by chemical and thermal shrinkage when the elastomeric stamp is bonded
to a stiff substrate are analyzed. In addition, the relationbetweenapplied load anddisplacement of a stamp
supported by a stiff substrate is given in closed form. Contact stresses between the stamp and substrate
have been analyzed both analytically and numerically by a finite element method. The role of adhesion
in determining the contact area is clarified. The effect of surface roughness on the contact mechanics has
been studied, and closed form solutions have been obtained for surface asperities that are periodically
distributed. The contact mechanics of stamps with smooth relief features has been studied, and the
dependence of contact area on the work of adhesion and the applied pressure is given in closed form. The
force required to separate the stamp from the substrate has been estimated using a fracture mechanics
approach. The stability and contact mechanics results are summarized by a stability and contact map.

1. Introduction

In microcontact printing (µCP),1-3 ink (typically a
chemical reactant) is applied toanelastomeric stampwith
apattern of surface relief.A schematic of the surface relief
is shown in Figure 1, where the stamp surface consists of
micron size flat punches of width 2a and height h. Ideal
punches have very sharp corners. Ink is transferred from
the stamp to the substrate by bringing the punches into
contact with the substrate surface. The stamps are
typically fabricated by curing liquid to an elastomer,
commonly poly(dimethylsiloxane) (PDMS), on a silicon
master fabricated using traditional optical lithography
and etching techniques. Sufficiently low adhesion of the
elastomer to the master allows the stamps to be peeled
from the master. Under ideal conditions, the peeled
elastomerstamp isanexact negative replica of themaster.

Several advantages of µCP and related methods over
conventional optical lithography have been noted.4 For
example, they are not subject to diffraction limitations

andare relatively simpler and inexpensive. The flexibility
of the stamp enables patterning of curved surfaces. Also,
themethods are compatible with awider range of organic
and biological materials. There are limitations to µCP,
several of which arise due to stamp deformation. As
pointed out by Delamarche et al.,5 because of the low
modulus ofPDMS (typically, the shearmodulus ofPDMS
Ge1 MPa), only a small subset of the features accessible
by microfabrication of patterns in silicon form stable,

* To whom correspondence should be addressed. E-mail:
ch45@cornell.edu.
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Figure 1. Schematic of a stamp bonded to a glass layer. The
punches are identical with width 2a and height h , H. Their
length in the z direction is much greater than a and w.
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useful structures onthe surfaceof the stamp.For example,
Biebuyck et al.3 have experimentally demonstrated that
if theaspect ratioh/2a is too large, thepunches can collapse
under their own weight (buckling). Also, lateral collapse
of neighboring punches can occur during the inking
process, where the capillary and other forces experienced
by the punches are sufficiently large to cause contact
between them. Once contact occurs, punches may adhere
to each other due to surface adhesive forces5,6 (see Figure
2a). On the other hand, when the aspect ratio is too low,
all surfaces of the stamp (not only the raised punches) can
be deformed into contact with the substrate as illustrated
in Figure 2b. Once contact occurs, the contact area
increases due to the action of surface forces near the edge
of contact.5

A limitation not addressed by Delamarche et al.5 is the
effect of surface tension on the relief pattern. Due to the
low modulus of the elastomer, the relief pattern will not
retain its shapeafter release fromthemaster.Forexample,
consider an idealized silicon master with perfectly sharp
corners. After release, surface tension forces will deform
the as-molded sharp corners of the punches into smooth
equilibriumshapes that canbesubstantiallydifferent from
theirprerelease forms.Thiseffect isparticularly important
for high-resolution patterns where the dimensions of
individual punches are less than 1 micron.

Often, the stampsarebonded to stiffer layers to improve
dimensional stability and handling.6-7 However, the
shrinkage of the elastomeric layer cast against the stiff
layer gives rise to residual stresses,which can cause small
nonuniform distortions, as reported in ref 8.

The easiest way to prevent dimensional instability is
to increase the modulus of the elastomer. This approach
also has limitations. First, a high-modulus polymer (e.g.,
a glass) can increase the stress due to the chemical and
thermal shrinkage in the curing process, and this can
cause the newly formed stamp to separate from the
master.6 Second, it is considerably more difficult for a
high-moduluspolymer to establish conformal contactwith
the substrate in the presence of surface roughness. Third,
increasing the modulus often results in a decrease of

fracture toughness. This decrease can seriously affect the
resolutionand the reliability of the stampsince thehighly
inhomogeneous stress field underneath the punch in-
creasesas themodulus increases.Thestress concentration
at the sharp corners may lead to plastic deformation
(crazes and shear bands in glassy polymers) and cracking
of the stamp or the substrate.

Although the limitations mentioned above are well
documented qualitatively, the present authors are un-
aware of detailed analytical models of these problems. In
this work, we use contact and fracture mechanics to
establish criteria for pattern stability and conformality.
We expect that these criteria will provide guidelines for
the design of high-resolution stamps. We restrict our
attention here to reversible deformation; constraints on
the process due to inelastic deformation or fracture (other
than interfacial separation) are not considered.

The outline of this paper is as follows: in section 2, we
state and define the geometry of the problem. In section
3, we establish criteria for stamp stability under applied
load. These include buckling, lateral collapse, and surface
contact. The first two cases are relevant for high aspect
ratio stamps,whereas the surface contactmode is relevant
for stamps with low aspect ratios. In section 4, the shape
change caused by surface tension after the stamp is
released is considered. Insection5,weaddress theproblem
of residual stresses generated by thermal and chemical
shrinkagewhentheelastomericstampisbondedtoastiffer
layer. An exact solution of the internal stresses and
deformation is given. In section 6, analytical expressions
for the stress field underneath the punches are obtained
and the effect of surface forces on the deformation of the
punch is considered. In section 7, we consider the effect
of surface roughness and estimate the normal pressure
required to bring the stamp into intimate contact with
the substrate. This result allows us to establish an upper
limit for the modulus of the elastomer suitable for µCP.
In section 8, a theory of microcontact printing based on
punches with smooth surface relief (nonrectangular) is
proposed. The basic idea is to obtain submicron resolution
without submicron size relief. In section 9, an estimate is
given for the force needed to detach the stamp from a
substrate. The results of the previous sections are sum-
marized in section 10 and presented as a stability and
contact map.

2. Geometry and Definitions

Most of the results developed in this work are for a
periodic array of identical punches, as drawn in Figure 1.
The lateral dimension of the stamp, D (not drawn), is
assumed to be much greater than its thickness H which,
in turn, ismuchgreater than the dimension of the surface
features. The surface relief consists of identical (microme-
ter-sized) punches which are prisms with a rectangular
cross section. The axes of these prisms are parallel to the
z axis. The punches are equally spaced with spacing 2w
along the x axis. Leth be the height of a typical punch and
2a be its width. Our assumptions are

The number of punches per unit length in the x direction,
N, is related to the width and spacing of the punches by

The above geometry allows us to consider two-dimen-
sional deformations independent of the out-of-plane (z)
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Figure 2. Two neighboring punches adhere to each other by
surface forces (a). Contact of the stamp “roof”with the substrate
due to an applied compressive load (b)
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useful structures onthe surfaceof the stamp.For example,
Biebuyck et al.3 have experimentally demonstrated that
if theaspect ratioh/2a is too large, thepunches can collapse
under their own weight (buckling). Also, lateral collapse
of neighboring punches can occur during the inking
process, where the capillary and other forces experienced
by the punches are sufficiently large to cause contact
between them. Once contact occurs, punches may adhere
to each other due to surface adhesive forces5,6 (see Figure
2a). On the other hand, when the aspect ratio is too low,
all surfaces of the stamp (not only the raised punches) can
be deformed into contact with the substrate as illustrated
in Figure 2b. Once contact occurs, the contact area
increases due to the action of surface forces near the edge
of contact.5

A limitation not addressed by Delamarche et al.5 is the
effect of surface tension on the relief pattern. Due to the
low modulus of the elastomer, the relief pattern will not
retain its shapeafter release fromthemaster.Forexample,
consider an idealized silicon master with perfectly sharp
corners. After release, surface tension forces will deform
the as-molded sharp corners of the punches into smooth
equilibriumshapes that canbesubstantiallydifferent from
theirprerelease forms.Thiseffect isparticularly important
for high-resolution patterns where the dimensions of
individual punches are less than 1 micron.

Often, the stampsarebonded to stiffer layers to improve
dimensional stability and handling.6-7 However, the
shrinkage of the elastomeric layer cast against the stiff
layer gives rise to residual stresses,which can cause small
nonuniform distortions, as reported in ref 8.

The easiest way to prevent dimensional instability is
to increase the modulus of the elastomer. This approach
also has limitations. First, a high-modulus polymer (e.g.,
a glass) can increase the stress due to the chemical and
thermal shrinkage in the curing process, and this can
cause the newly formed stamp to separate from the
master.6 Second, it is considerably more difficult for a
high-moduluspolymer to establish conformal contactwith
the substrate in the presence of surface roughness. Third,
increasing the modulus often results in a decrease of

fracture toughness. This decrease can seriously affect the
resolutionand the reliability of the stampsince thehighly
inhomogeneous stress field underneath the punch in-
creasesas themodulus increases.Thestress concentration
at the sharp corners may lead to plastic deformation
(crazes and shear bands in glassy polymers) and cracking
of the stamp or the substrate.

Although the limitations mentioned above are well
documented qualitatively, the present authors are un-
aware of detailed analytical models of these problems. In
this work, we use contact and fracture mechanics to
establish criteria for pattern stability and conformality.
We expect that these criteria will provide guidelines for
the design of high-resolution stamps. We restrict our
attention here to reversible deformation; constraints on
the process due to inelastic deformation or fracture (other
than interfacial separation) are not considered.

The outline of this paper is as follows: in section 2, we
state and define the geometry of the problem. In section
3, we establish criteria for stamp stability under applied
load. These include buckling, lateral collapse, and surface
contact. The first two cases are relevant for high aspect
ratio stamps,whereas the surface contactmode is relevant
for stamps with low aspect ratios. In section 4, the shape
change caused by surface tension after the stamp is
released is considered. Insection5,weaddress theproblem
of residual stresses generated by thermal and chemical
shrinkagewhentheelastomericstampisbondedtoastiffer
layer. An exact solution of the internal stresses and
deformation is given. In section 6, analytical expressions
for the stress field underneath the punches are obtained
and the effect of surface forces on the deformation of the
punch is considered. In section 7, we consider the effect
of surface roughness and estimate the normal pressure
required to bring the stamp into intimate contact with
the substrate. This result allows us to establish an upper
limit for the modulus of the elastomer suitable for µCP.
In section 8, a theory of microcontact printing based on
punches with smooth surface relief (nonrectangular) is
proposed. The basic idea is to obtain submicron resolution
without submicron size relief. In section 9, an estimate is
given for the force needed to detach the stamp from a
substrate. The results of the previous sections are sum-
marized in section 10 and presented as a stability and
contact map.

2. Geometry and Definitions

Most of the results developed in this work are for a
periodic array of identical punches, as drawn in Figure 1.
The lateral dimension of the stamp, D (not drawn), is
assumed to be much greater than its thickness H which,
in turn, ismuchgreater than the dimension of the surface
features. The surface relief consists of identical (microme-
ter-sized) punches which are prisms with a rectangular
cross section. The axes of these prisms are parallel to the
z axis. The punches are equally spaced with spacing 2w
along the x axis. Leth be the height of a typical punch and
2a be its width. Our assumptions are

The number of punches per unit length in the x direction,
N, is related to the width and spacing of the punches by

The above geometry allows us to consider two-dimen-
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The	   number	   of	   pillars	   along	   x	   axis	   for	  
length	  unit	  is	  :	  
	  
	  
	  
Suppose	  also	  that	  the	  applied	  loads	  do	  not	  
vary	  along	  the	  z	  axis.	  
Oqen	   to	   work	   using	   a	   glass	   layer	   above	  
the	  elastomeric	  mold	  which	  we	  assume	  Hg	  
thickness.	  
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Stampdeformation canaffect the dimensional stability of themicrocontact printing process.We consider
limitations imposed due to reversible deformation of a single stamp. Detailed analyses of several modes
of stamp deformation have been carried out. Stability criteria have been obtained for both vertical and
lateral collapse of surface relief features, including buckling. The shape change of surface features imposed
by surface tension has been analyzed, and the corresponding internal stresses are given in closed form.
The residual stresses induced by chemical and thermal shrinkage when the elastomeric stamp is bonded
to a stiff substrate are analyzed. In addition, the relationbetweenapplied load anddisplacement of a stamp
supported by a stiff substrate is given in closed form. Contact stresses between the stamp and substrate
have been analyzed both analytically and numerically by a finite element method. The role of adhesion
in determining the contact area is clarified. The effect of surface roughness on the contact mechanics has
been studied, and closed form solutions have been obtained for surface asperities that are periodically
distributed. The contact mechanics of stamps with smooth relief features has been studied, and the
dependence of contact area on the work of adhesion and the applied pressure is given in closed form. The
force required to separate the stamp from the substrate has been estimated using a fracture mechanics
approach. The stability and contact mechanics results are summarized by a stability and contact map.

1. Introduction

In microcontact printing (µCP),1-3 ink (typically a
chemical reactant) is applied toanelastomeric stampwith
apattern of surface relief.A schematic of the surface relief
is shown in Figure 1, where the stamp surface consists of
micron size flat punches of width 2a and height h. Ideal
punches have very sharp corners. Ink is transferred from
the stamp to the substrate by bringing the punches into
contact with the substrate surface. The stamps are
typically fabricated by curing liquid to an elastomer,
commonly poly(dimethylsiloxane) (PDMS), on a silicon
master fabricated using traditional optical lithography
and etching techniques. Sufficiently low adhesion of the
elastomer to the master allows the stamps to be peeled
from the master. Under ideal conditions, the peeled
elastomerstamp isanexact negative replica of themaster.

Several advantages of µCP and related methods over
conventional optical lithography have been noted.4 For
example, they are not subject to diffraction limitations

andare relatively simpler and inexpensive. The flexibility
of the stamp enables patterning of curved surfaces. Also,
themethods are compatible with awider range of organic
and biological materials. There are limitations to µCP,
several of which arise due to stamp deformation. As
pointed out by Delamarche et al.,5 because of the low
modulus ofPDMS (typically, the shearmodulus ofPDMS
Ge1 MPa), only a small subset of the features accessible
by microfabrication of patterns in silicon form stable,
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Figure 1. Schematic of a stamp bonded to a glass layer. The
punches are identical with width 2a and height h , H. Their
length in the z direction is much greater than a and w.
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useful structures onthe surfaceof the stamp.For example,
Biebuyck et al.3 have experimentally demonstrated that
if theaspect ratioh/2a is too large, thepunches can collapse
under their own weight (buckling). Also, lateral collapse
of neighboring punches can occur during the inking
process, where the capillary and other forces experienced
by the punches are sufficiently large to cause contact
between them. Once contact occurs, punches may adhere
to each other due to surface adhesive forces5,6 (see Figure
2a). On the other hand, when the aspect ratio is too low,
all surfaces of the stamp (not only the raised punches) can
be deformed into contact with the substrate as illustrated
in Figure 2b. Once contact occurs, the contact area
increases due to the action of surface forces near the edge
of contact.5

A limitation not addressed by Delamarche et al.5 is the
effect of surface tension on the relief pattern. Due to the
low modulus of the elastomer, the relief pattern will not
retain its shapeafter release fromthemaster.Forexample,
consider an idealized silicon master with perfectly sharp
corners. After release, surface tension forces will deform
the as-molded sharp corners of the punches into smooth
equilibriumshapes that canbesubstantiallydifferent from
theirprerelease forms.Thiseffect isparticularly important
for high-resolution patterns where the dimensions of
individual punches are less than 1 micron.

Often, the stampsarebonded to stiffer layers to improve
dimensional stability and handling.6-7 However, the
shrinkage of the elastomeric layer cast against the stiff
layer gives rise to residual stresses,which can cause small
nonuniform distortions, as reported in ref 8.

The easiest way to prevent dimensional instability is
to increase the modulus of the elastomer. This approach
also has limitations. First, a high-modulus polymer (e.g.,
a glass) can increase the stress due to the chemical and
thermal shrinkage in the curing process, and this can
cause the newly formed stamp to separate from the
master.6 Second, it is considerably more difficult for a
high-moduluspolymer to establish conformal contactwith
the substrate in the presence of surface roughness. Third,
increasing the modulus often results in a decrease of

fracture toughness. This decrease can seriously affect the
resolutionand the reliability of the stampsince thehighly
inhomogeneous stress field underneath the punch in-
creasesas themodulus increases.Thestress concentration
at the sharp corners may lead to plastic deformation
(crazes and shear bands in glassy polymers) and cracking
of the stamp or the substrate.

Although the limitations mentioned above are well
documented qualitatively, the present authors are un-
aware of detailed analytical models of these problems. In
this work, we use contact and fracture mechanics to
establish criteria for pattern stability and conformality.
We expect that these criteria will provide guidelines for
the design of high-resolution stamps. We restrict our
attention here to reversible deformation; constraints on
the process due to inelastic deformation or fracture (other
than interfacial separation) are not considered.

The outline of this paper is as follows: in section 2, we
state and define the geometry of the problem. In section
3, we establish criteria for stamp stability under applied
load. These include buckling, lateral collapse, and surface
contact. The first two cases are relevant for high aspect
ratio stamps,whereas the surface contactmode is relevant
for stamps with low aspect ratios. In section 4, the shape
change caused by surface tension after the stamp is
released is considered. Insection5,weaddress theproblem
of residual stresses generated by thermal and chemical
shrinkagewhentheelastomericstampisbondedtoastiffer
layer. An exact solution of the internal stresses and
deformation is given. In section 6, analytical expressions
for the stress field underneath the punches are obtained
and the effect of surface forces on the deformation of the
punch is considered. In section 7, we consider the effect
of surface roughness and estimate the normal pressure
required to bring the stamp into intimate contact with
the substrate. This result allows us to establish an upper
limit for the modulus of the elastomer suitable for µCP.
In section 8, a theory of microcontact printing based on
punches with smooth surface relief (nonrectangular) is
proposed. The basic idea is to obtain submicron resolution
without submicron size relief. In section 9, an estimate is
given for the force needed to detach the stamp from a
substrate. The results of the previous sections are sum-
marized in section 10 and presented as a stability and
contact map.

2. Geometry and Definitions

Most of the results developed in this work are for a
periodic array of identical punches, as drawn in Figure 1.
The lateral dimension of the stamp, D (not drawn), is
assumed to be much greater than its thickness H which,
in turn, ismuchgreater than the dimension of the surface
features. The surface relief consists of identical (microme-
ter-sized) punches which are prisms with a rectangular
cross section. The axes of these prisms are parallel to the
z axis. The punches are equally spaced with spacing 2w
along the x axis. Leth be the height of a typical punch and
2a be its width. Our assumptions are

The number of punches per unit length in the x direction,
N, is related to the width and spacing of the punches by

The above geometry allows us to consider two-dimen-
sional deformations independent of the out-of-plane (z)

(6) Schmid, H.; Michel, B. Macromolecules 2000, 33, 3042.
(7) Folch, A.; Schmidt, M. A. J. Microelectromech. Syst. 1999, 8 (1),

85.
(8) Rogers, J. A.; Paul, K. E.; Whitesides, G. M. J. Vac. Sci. Technol.

1998, B16 (1), 88.

Figure 2. Two neighboring punches adhere to each other by
surface forces (a). Contact of the stamp “roof”with the substrate
due to an applied compressive load (b)
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The	  elastomer	  is	  assumed	  homogeneous	  and	  isotropic	  with	  Poisson	  coefficient	  equal	  to	  
0.5	  and	  elas?c	  modulus	  between	  0.1	  and	  10	  MPa	  
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Ini?ally,	   suppose	   that	   the	   pillars	   are	  
detached	  from	  the	  substrate	  and	  then	  are	  
pressed	   by	   a	   Δ	   tract	   that	   induces	   a	  
compressive	   load	  σ,	  then	  the	  agent	  stress	  
on	  the	  single	  punch	  is	  equal	  to:	  
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Stampdeformation canaffect the dimensional stability of themicrocontact printing process.We consider
limitations imposed due to reversible deformation of a single stamp. Detailed analyses of several modes
of stamp deformation have been carried out. Stability criteria have been obtained for both vertical and
lateral collapse of surface relief features, including buckling. The shape change of surface features imposed
by surface tension has been analyzed, and the corresponding internal stresses are given in closed form.
The residual stresses induced by chemical and thermal shrinkage when the elastomeric stamp is bonded
to a stiff substrate are analyzed. In addition, the relationbetweenapplied load anddisplacement of a stamp
supported by a stiff substrate is given in closed form. Contact stresses between the stamp and substrate
have been analyzed both analytically and numerically by a finite element method. The role of adhesion
in determining the contact area is clarified. The effect of surface roughness on the contact mechanics has
been studied, and closed form solutions have been obtained for surface asperities that are periodically
distributed. The contact mechanics of stamps with smooth relief features has been studied, and the
dependence of contact area on the work of adhesion and the applied pressure is given in closed form. The
force required to separate the stamp from the substrate has been estimated using a fracture mechanics
approach. The stability and contact mechanics results are summarized by a stability and contact map.

1. Introduction

In microcontact printing (µCP),1-3 ink (typically a
chemical reactant) is applied toanelastomeric stampwith
apattern of surface relief.A schematic of the surface relief
is shown in Figure 1, where the stamp surface consists of
micron size flat punches of width 2a and height h. Ideal
punches have very sharp corners. Ink is transferred from
the stamp to the substrate by bringing the punches into
contact with the substrate surface. The stamps are
typically fabricated by curing liquid to an elastomer,
commonly poly(dimethylsiloxane) (PDMS), on a silicon
master fabricated using traditional optical lithography
and etching techniques. Sufficiently low adhesion of the
elastomer to the master allows the stamps to be peeled
from the master. Under ideal conditions, the peeled
elastomerstamp isanexact negative replica of themaster.

Several advantages of µCP and related methods over
conventional optical lithography have been noted.4 For
example, they are not subject to diffraction limitations

andare relatively simpler and inexpensive. The flexibility
of the stamp enables patterning of curved surfaces. Also,
themethods are compatible with awider range of organic
and biological materials. There are limitations to µCP,
several of which arise due to stamp deformation. As
pointed out by Delamarche et al.,5 because of the low
modulus ofPDMS (typically, the shearmodulus ofPDMS
Ge1 MPa), only a small subset of the features accessible
by microfabrication of patterns in silicon form stable,
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Figure 1. Schematic of a stamp bonded to a glass layer. The
punches are identical with width 2a and height h , H. Their
length in the z direction is much greater than a and w.
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Since	  glass	  is	  s?ffer	  than	  	  elastomer	  can	  we	  
neglect	  the	  glass	  deforma?on	  in	  the	  x-‐y	  
plane	  that	  would	  be	  equal	  to:	  

P = σ
N
= 2 a+w( )σ

Δ =Cσ

C = (1+ν )(1− 2ν )H
E(1−ν )

ν vetro
σ
Evetro

<ν vetro
E

Evetro

≅ 0
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Then	   the	   silicone	   layer	   in	   the	   x-‐y	  plane	   is	  
subjected	  to	  a	  state	  of	  biaxial	  stress	  
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1. Introduction

In microcontact printing (µCP),1-3 ink (typically a
chemical reactant) is applied toanelastomeric stampwith
apattern of surface relief.A schematic of the surface relief
is shown in Figure 1, where the stamp surface consists of
micron size flat punches of width 2a and height h. Ideal
punches have very sharp corners. Ink is transferred from
the stamp to the substrate by bringing the punches into
contact with the substrate surface. The stamps are
typically fabricated by curing liquid to an elastomer,
commonly poly(dimethylsiloxane) (PDMS), on a silicon
master fabricated using traditional optical lithography
and etching techniques. Sufficiently low adhesion of the
elastomer to the master allows the stamps to be peeled
from the master. Under ideal conditions, the peeled
elastomerstamp isanexact negative replica of themaster.

Several advantages of µCP and related methods over
conventional optical lithography have been noted.4 For
example, they are not subject to diffraction limitations

andare relatively simpler and inexpensive. The flexibility
of the stamp enables patterning of curved surfaces. Also,
themethods are compatible with awider range of organic
and biological materials. There are limitations to µCP,
several of which arise due to stamp deformation. As
pointed out by Delamarche et al.,5 because of the low
modulus ofPDMS (typically, the shearmodulus ofPDMS
Ge1 MPa), only a small subset of the features accessible
by microfabrication of patterns in silicon form stable,

* To whom correspondence should be addressed. E-mail:
ch45@cornell.edu.
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Figure 1. Schematic of a stamp bonded to a glass layer. The
punches are identical with width 2a and height h , H. Their
length in the z direction is much greater than a and w.
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So	  the	  silicone	  is	  subjected	  to	  pure	  compression	  except	  the	  edges	  that	  we	  neglect.	  
On	  this	  basis	  the	  deforma?on	  undergone	  by	  the	  single	  pillar	  per	  unit	  length	  is:	  

σ XX =σ yy =
νσ
(1−ν )

≅σ

ε =
P
E
=
2 a+w( )σ

E



  

Stability	  of	  Microstructures	  
Aspect	  ra@o	  (h/a)<<1	  
w≅a	  
h/w<<1	  
	  

When	  anexternal	  loadis	  appllied	  	  the	  maximum	  deforma?on	  which	  can	  have	  is	  equal	  
to	   h	   (the	   pillar	   height)	   in	   the	   z	   direc?on	   but	   since	   the	   material	   is	   isotropic	   and	  
homogeneous	   we	   will	   also	   lateral	   deforma?on.	   Therefore	   it	   is	   necessary	   to	  
determine	  the	  contact	  force	  that	  is	  the	  upper	  limit	  of	  force	  before	  the	  mold	  begins	  to	  
deform.	  Solving	  the	  system	  of	  forces	  the	  cri?cal	  pressure	  is	  obtained	  and	  it	  is	  equal	  
to:	  

useful structures onthe surfaceof the stamp.For example,
Biebuyck et al.3 have experimentally demonstrated that
if theaspect ratioh/2a is too large, thepunches can collapse
under their own weight (buckling). Also, lateral collapse
of neighboring punches can occur during the inking
process, where the capillary and other forces experienced
by the punches are sufficiently large to cause contact
between them. Once contact occurs, punches may adhere
to each other due to surface adhesive forces5,6 (see Figure
2a). On the other hand, when the aspect ratio is too low,
all surfaces of the stamp (not only the raised punches) can
be deformed into contact with the substrate as illustrated
in Figure 2b. Once contact occurs, the contact area
increases due to the action of surface forces near the edge
of contact.5

A limitation not addressed by Delamarche et al.5 is the
effect of surface tension on the relief pattern. Due to the
low modulus of the elastomer, the relief pattern will not
retain its shapeafter release fromthemaster.Forexample,
consider an idealized silicon master with perfectly sharp
corners. After release, surface tension forces will deform
the as-molded sharp corners of the punches into smooth
equilibriumshapes that canbesubstantiallydifferent from
theirprerelease forms.Thiseffect isparticularly important
for high-resolution patterns where the dimensions of
individual punches are less than 1 micron.

Often, the stampsarebonded to stiffer layers to improve
dimensional stability and handling.6-7 However, the
shrinkage of the elastomeric layer cast against the stiff
layer gives rise to residual stresses,which can cause small
nonuniform distortions, as reported in ref 8.

The easiest way to prevent dimensional instability is
to increase the modulus of the elastomer. This approach
also has limitations. First, a high-modulus polymer (e.g.,
a glass) can increase the stress due to the chemical and
thermal shrinkage in the curing process, and this can
cause the newly formed stamp to separate from the
master.6 Second, it is considerably more difficult for a
high-moduluspolymer to establish conformal contactwith
the substrate in the presence of surface roughness. Third,
increasing the modulus often results in a decrease of

fracture toughness. This decrease can seriously affect the
resolutionand the reliability of the stampsince thehighly
inhomogeneous stress field underneath the punch in-
creasesas themodulus increases.Thestress concentration
at the sharp corners may lead to plastic deformation
(crazes and shear bands in glassy polymers) and cracking
of the stamp or the substrate.

Although the limitations mentioned above are well
documented qualitatively, the present authors are un-
aware of detailed analytical models of these problems. In
this work, we use contact and fracture mechanics to
establish criteria for pattern stability and conformality.
We expect that these criteria will provide guidelines for
the design of high-resolution stamps. We restrict our
attention here to reversible deformation; constraints on
the process due to inelastic deformation or fracture (other
than interfacial separation) are not considered.

The outline of this paper is as follows: in section 2, we
state and define the geometry of the problem. In section
3, we establish criteria for stamp stability under applied
load. These include buckling, lateral collapse, and surface
contact. The first two cases are relevant for high aspect
ratio stamps,whereas the surface contactmode is relevant
for stamps with low aspect ratios. In section 4, the shape
change caused by surface tension after the stamp is
released is considered. Insection5,weaddress theproblem
of residual stresses generated by thermal and chemical
shrinkagewhentheelastomericstampisbondedtoastiffer
layer. An exact solution of the internal stresses and
deformation is given. In section 6, analytical expressions
for the stress field underneath the punches are obtained
and the effect of surface forces on the deformation of the
punch is considered. In section 7, we consider the effect
of surface roughness and estimate the normal pressure
required to bring the stamp into intimate contact with
the substrate. This result allows us to establish an upper
limit for the modulus of the elastomer suitable for µCP.
In section 8, a theory of microcontact printing based on
punches with smooth surface relief (nonrectangular) is
proposed. The basic idea is to obtain submicron resolution
without submicron size relief. In section 9, an estimate is
given for the force needed to detach the stamp from a
substrate. The results of the previous sections are sum-
marized in section 10 and presented as a stability and
contact map.

2. Geometry and Definitions

Most of the results developed in this work are for a
periodic array of identical punches, as drawn in Figure 1.
The lateral dimension of the stamp, D (not drawn), is
assumed to be much greater than its thickness H which,
in turn, ismuchgreater than the dimension of the surface
features. The surface relief consists of identical (microme-
ter-sized) punches which are prisms with a rectangular
cross section. The axes of these prisms are parallel to the
z axis. The punches are equally spaced with spacing 2w
along the x axis. Leth be the height of a typical punch and
2a be its width. Our assumptions are

The number of punches per unit length in the x direction,
N, is related to the width and spacing of the punches by

The above geometry allows us to consider two-dimen-
sional deformations independent of the out-of-plane (z)

(6) Schmid, H.; Michel, B. Macromolecules 2000, 33, 3042.
(7) Folch, A.; Schmidt, M. A. J. Microelectromech. Syst. 1999, 8 (1),

85.
(8) Rogers, J. A.; Paul, K. E.; Whitesides, G. M. J. Vac. Sci. Technol.

1998, B16 (1), 88.

Figure 2. Two neighboring punches adhere to each other by
surface forces (a). Contact of the stamp “roof”with the substrate
due to an applied compressive load (b)

H/D , 1 h/H , 1 a/H , 1 w/H , 1 (1)

N ) 1
2(a + w)

(2)
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Also, because a/H , 1, w/H , 1, (8) can be replaced by

This resulting geometry is that of a series of coplanar and
periodic cracks.Thepartial differential equations ofplane
strain elasticity that govern the solution of this problem
canbe found in ref9. The exact solution of these equations
subjected to the boundary conditions (9), (10), and (7) can
be found in ref 12. Using this solution, the maximum
vertical displacement at x ) 2k(w + a) is

where E* ≡ E/(1 - ν2) ≈ 4E/3. The accuracy of (11) will
be tested against finite element method (FEM) results in
section 6. Equation 11 can be simplified when the roofs
are far apart, that is,

According to (11), to prevent the contact of roofs, the
condition

must be satisfied (the negative sign accounts for σ∞ < 0
for compressivestresses),whereκ1≡-2σ∞w/E*h.Equation
13a implies that the contact condition is determined by
twodimensionless parameters, κ1 andw/a. If the roofs are
far apart, then (13a) reduces to

The dependence of the contact condition vmax )-h on w/a
is plotted in Figure 3. The vertical axis of Figure 3 is κ1

and the horizontal axis is w/a. For small w/a, it is clear
that κ1 approaches 1. The roofs of stampswithparameters
(κ1,w/a) lying below the curve in Figure 3will not contact.

We next establish criteria for buckling of the stamp. It
is anticipated thatbucklingoccurswhenh.a. The critical
buckling load Pc depends on the support conditions
assumed for the punch at its two ends. We assume the
punch to be clamped where it meets the main stamp and
simply supported at its contact with the substrate,
consistent with frictional restraints. Then,13

Using (3) and (14), buckling will not occur if the condition

is satisfied. The constant (∼1.47) in this expression for
critical buckling load is very sensitive to the boundary
conditions. For this reason, we would suggest that eq 15a

be regarded more as a scaling relationship than an exact
result. As an example, the load on a punch due to the
weight of the elastomer alone is 2FgH(a + w), where F is
the mass density and g ) 9.81 m/s2. For a ) w, buckling
can occur when h/a ) (π/2)[1.36E*/(FgH)]1/2.

The above analysis focuses on buckling of the punches
during stamping, where a compressive stress is applied.
A similar analysis can be carried out to quantify the
experimental results ofBiebuycketal.3 Their experiments
showed that isolated two-dimensional platelike punches
(see Figure 4) are stable under their own weight for 2a/h
as large as 10.However, cylindrical puncheswith circular
cross sections (with diameter d) and height h collapsed
under their own weight when h/d = 6 (see Figure 4).

The critical height for the buckling of a column of
arbitrary cross sectionsunder its ownweight canbe found
in ref 13; it is

where I ) πd4/64 for a circular cylinder and q ) Fgπd2/4
is the weight per unit length of the cylinder. For a long
rectangular plate of height h and width 2a, the critical
buckling height is still given by (15b) provided that E is
replaced by E*, I ) (2a)3/12, and q ) 2Fga. The ratio of
the critical heights for the plate and the cylinder is

(12) Koiter, W. T. Ing. Arch. 1959, 28, 168.
(13) Timoshenko, S. P.;Gere, J. M. Theory ofElastic Instability, 2nd

ed.; McGraw-Hill: New York, 1961.

Figure 3. The condition of contact of the stamp roof with the
substrate can be expressed in terms of two dimensionless
parameters κ1 ) -σ∞w/(E*h) and w/a. Points lying below the
curve will not satisfy the contact condition.

Figure 4. Geometry of a two-dimensional platelike punchand
a prism-shaped punch.
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From	  this	  one	  it	  is	  possible	  to	  derive	  the	  maximum	  
cri?cal	  height	  achievable	  with	  g	  weight	  per	  unit	  
length.	  

Also, because a/H , 1, w/H , 1, (8) can be replaced by

This resulting geometry is that of a series of coplanar and
periodic cracks.Thepartial differential equations ofplane
strain elasticity that govern the solution of this problem
canbe found in ref9. The exact solution of these equations
subjected to the boundary conditions (9), (10), and (7) can
be found in ref 12. Using this solution, the maximum
vertical displacement at x ) 2k(w + a) is

where E* ≡ E/(1 - ν2) ≈ 4E/3. The accuracy of (11) will
be tested against finite element method (FEM) results in
section 6. Equation 11 can be simplified when the roofs
are far apart, that is,

According to (11), to prevent the contact of roofs, the
condition

must be satisfied (the negative sign accounts for σ∞ < 0
for compressivestresses),whereκ1≡-2σ∞w/E*h.Equation
13a implies that the contact condition is determined by
twodimensionless parameters, κ1 andw/a. If the roofs are
far apart, then (13a) reduces to

The dependence of the contact condition vmax )-h on w/a
is plotted in Figure 3. The vertical axis of Figure 3 is κ1

and the horizontal axis is w/a. For small w/a, it is clear
that κ1 approaches 1. The roofs of stampswithparameters
(κ1,w/a) lying below the curve in Figure 3will not contact.

We next establish criteria for buckling of the stamp. It
is anticipated thatbucklingoccurswhenh.a. The critical
buckling load Pc depends on the support conditions
assumed for the punch at its two ends. We assume the
punch to be clamped where it meets the main stamp and
simply supported at its contact with the substrate,
consistent with frictional restraints. Then,13

Using (3) and (14), buckling will not occur if the condition

is satisfied. The constant (∼1.47) in this expression for
critical buckling load is very sensitive to the boundary
conditions. For this reason, we would suggest that eq 15a

be regarded more as a scaling relationship than an exact
result. As an example, the load on a punch due to the
weight of the elastomer alone is 2FgH(a + w), where F is
the mass density and g ) 9.81 m/s2. For a ) w, buckling
can occur when h/a ) (π/2)[1.36E*/(FgH)]1/2.

The above analysis focuses on buckling of the punches
during stamping, where a compressive stress is applied.
A similar analysis can be carried out to quantify the
experimental results ofBiebuycketal.3 Their experiments
showed that isolated two-dimensional platelike punches
(see Figure 4) are stable under their own weight for 2a/h
as large as 10.However, cylindrical puncheswith circular
cross sections (with diameter d) and height h collapsed
under their own weight when h/d = 6 (see Figure 4).

The critical height for the buckling of a column of
arbitrary cross sectionsunder its ownweight canbe found
in ref 13; it is

where I ) πd4/64 for a circular cylinder and q ) Fgπd2/4
is the weight per unit length of the cylinder. For a long
rectangular plate of height h and width 2a, the critical
buckling height is still given by (15b) provided that E is
replaced by E*, I ) (2a)3/12, and q ) 2Fga. The ratio of
the critical heights for the plate and the cylinder is
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Figure 3. The condition of contact of the stamp roof with the
substrate can be expressed in terms of two dimensionless
parameters κ1 ) -σ∞w/(E*h) and w/a. Points lying below the
curve will not satisfy the contact condition.

Figure 4. Geometry of a two-dimensional platelike punchand
a prism-shaped punch.
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Stability	  of	  Microstructure	  
For	   not	   having	   distor?ons	   we	   must	   have	   that	   the	   pillars	   are	   in	   contact	   with	   the	  
substrate	  but	   s?ll	  have	  not	  undergone	  deforma?ons.	  But	  when	   the	  elastomer	   is	   in	  
contact	   with	   the	   substrate	   the	   radius	   of	   curvature	   of	   the	   pillar	   varies	   due	   to	   the	  
surface	  tension	  γ	  that	  so	  far	  we	  have	  not	  considered.	  

In Biebuyck et al.’s experiments,3 2a ) d ) 1 µm so that
this ratio is about 1.2 where we have assumed ν ) 0.5.
This result is in qualitative agreement with the experi-
mental resultsof ref3.According to (15b), theplates should
buckle when h/d = 7.3, given the buckling condition for
a cylinder. Thus, (15b) predicts a lower critical height for
plate buckling compared with the experimental data.
Quantitative predictions of buckling load are known to be
extremely sensitive to imperfections, load-sharing, and
particularly the support boundary conditions; the dis-
crepancy likely arises among one of these.

To establish a criterion for lateral stability, consider
the situationdepicted inFigure2a,where twoneighboring
punches adhere to each other. Let l be the length of the
noncontact region. In the contact region, the plates are
virtuallyundeformed. In otherwords, all the elastic strain
energy is stored in the noncontact region, where bending
deformation is dominant. The total strain energy SE of
the system canbe easily computedusing elementaryplate
theory, assuming that the punches are plates clamped at
one end, that is,

As expected, for a given w, the elastic strain energy
decreases with increasing l. Suppose the straight edge
separating the contact and thenoncontact region inFigure
2b advances a small amount dl, that is, l f l + dl. The
resulting decrease in strain energy is

Under equilibrium conditions, this energy change equals
the amount of work dW needed to decrease the contact
area by dl. If we denote the surface energy by γs, dW )
2γs dl. Therefore, we must have

From the above discussion, it is clear that punches with
height less than l will be laterally stable. Thus, the
condition for lateral stability is

or

4. Shape Change Imposed by Surface Tension

Surface tension forces will deform the molded sharp
corners of the punches into a smooth equilibrium shape
after these punches are released from the master. For
fine features in soft stamps, the scale of the deformation
may be significant. In this section, we determine the
internal stresses and deformation generated by surface
tension.

For mathematical simplicity, we confine ourselves to
studying local deformation in the vicinity of a corner. The

corner coincideswith the origin of the xyplane (seeFigure
5). Let (r, θ) be a polar coordinate system with the same
origin. The corner can be generated by a sequence of
quarter circles with decreasing radius Rn such that

Assumea constant, isotropic surface tension.TheLaplace
pressure p due to surface tension vanishes everywhere
except on the circle, where

The total load acting on the arc of the quarter circle is
!2γs, which is independent of the radius Rn. Thus, in the
limit Rn f 0, the effect of surface tension is represented
by a concentrated compressive line force of magnitude
!2γs, acting at an angle that bisects the corner.

We have thus reduced the problem to one in the theory
of plane strain elasticity. The boundaries are traction-
free conditions on the surfaces y ) 0, x > 0 and x ) 0, y
> 0. Specifically,

The origin is a singular pointwhere the concentrated load
acts. The exact solution canbe obtainedusing the complex
function method of Muskhelishvili.9 The stresses are

The displacements, u1 and u2, are

where c1 and c2 are arbitrary constants.
According to (22a-c), the stresses are proportional to

the surface energyandhavea1/r singularity as the corner
is approached. The displacement fields also have a weak
logarithmic singularityandareproportional to γs/E,which
is the only length scale in the problem. The reason that

Figure 5. Rounded corner of a stamp with radius of curv-
ature R.
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The	  pressure	  at	  the	  corners	  is	  therefore	  propor?onal	  to	  the	  surface	  tension	  
P≈γ	  /	  r	  	  
and	  	  
r≈γ	  /	  	  
and	  generally	  it	  is	  seen	  that	  for	  the	  γ	  /	  And	  silicon	  is	  about	  0.05	  micrometers	  	  
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Gradient	  maker	  

The	  hydraulic	  circuit	  
can	  be	  reduced	  in	  an	  
electrical	  equivalent.	  	  

Necessary	  
condi?on:	  	  
Re	  <<	  1	  



+	   Simulated	  concentra?on	  paSern	  



+	  
Realisa?on	  of	  the	  device	  



+	  Realisa?on	  of	  the	  device	  

Silicon	  Wafer	  with	  SU-‐8	  
structure	  



+	  Realisa?on	  of	  the	  device	  



+	   Gluing	  of	  the	  device	  

Hydrophobic	  bond:	  

Coat	  the	  glass	  slide	  with	  a	  thin	  layer	  (~	  10	  µm	  
thickness)	  of	  PDMS	  mixture	  (preferably	  by	  spin	  
coater).	  

Heat	  it	  at	  70°C	  for	  15	  mins	  (this	  makes	  the	  PDMS	  
hardened	  but	  s?ll	  s?cky)	  

Place	  the	  PDMS	  mould	  on	  the	  s?cky	  PDMS	  surface.	  In	  
order	  to	  avoid	  wrinkles	  and	  air	  gaps,	  lay	  the	  mould	  
down	  from	  one	  end	  to	  the	  other.	  

Heat	  it	  for	  at	  least	  1	  h	  at	  70°C.	  	  	  	  	  	  	  	  	  
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