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Il	  polidimeBsilossano	  
Il	   polidime0lsilossano	   (PDMS)	   si	   o:ene	   a	   par0re	   dal	  
dime0lclorosilano	   [	   (CH3)2SiHCl	   ]	   che	   è	   un	   composto	  
chimico	  prodoFo	  per	  reazione	  direFa	  tra	  silicio	  e	  cloruro	  
di	   me0le	   (CH3Cl)	   .	   Per	   successiva	   idrolisi	   del	  
dime0lclorosilano	   si	   oFengono	   silossani	   ciclici	   e	   lineari	  
che	   successivamente	   polimerizza0	   danno	   luogo	   ai	  
polimeri	   siliconici.	   Il	   polimero	   PDMS	   è	   formato	   dalla	  
sequenza	  del	  seguente	  monomero:	  

	  CH3	  
	  	  	  |	  
-‐	  Si-‐O	  -‐	  
	  	  	  |	  
	  	  CH3	  

Esso	   è	   caraFerizzato	   da	   una	   notevole	   resistenza	   alla	  
temperatura,	   agli	   aFacchi	   chimici,	   all'ossidazione,	   è	  
un	   o:mo	   i so lante	   e leFr ico	   e	   res i s tente	  
all’invecchiamento;	   in	   più	   è	   o:camente	   pulito	  
(trasparente),	   è	   biocompa0bile,	   inerte,	   non	   è	   né	  
tossico	  né	  infiammabile.	  Questo	  polimero	  inoltre	  non	  
si	   lega	   né	   al	   vetro,	   né	   al	   metallo,	   né	   alla	   plas0ca	   in	  
fase	   di	   solidificazione,	   ma	   conserva	   maggiore	  
aderenza	  sulle	  superfici	  lisce	  una	  volta	  solidificato.	  



Il	  polidimeBsilossano	  
CaraFeris0che	  
•  Incolore	  
•  Temperatura	  di	  ebollizzione	  	  >	  100°C	  
•  Densità	  rela0va	  1.1	  
•  Viscosità	  dinamica	  	  3500	  Cen0poise	  
•  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	  Ra0o 	   	  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	  Conduc0vity=	  0.27	  WaFs	  per	  meter	  K	  
•  	  Volume	  Resis0vity	  =	  2.9e+014	  ohm-‐cen0meters	  
•  	  Water	  Resistant	   	  	  
•  	  Working	  Time 	   	  >	  90	  Minutes	  
•  Elas0c	  modulus	  around	  MPa	  



Tecniche	  per	  la	  modifica	  della	  chimica	  
superficiale	  

	  

Il	  PDMS	  è	  idrofobico	  
	  

TraHamento	  chimici	  e/o	  fisici	  per	  aumentare	  la	  sua	  bagnabilità	  

	  

TraHamento	  fisici	  

	  

TraHamenB	  chimici	  

1.   Esposizione	  alla	  radiazione	  UV	  (λ	  =	  350	  nm)	  

2.   TraHamento	  col	  plasma	  di	  Argon	  

3.   Dipping	   in	   soluzione	   piranica	   (H2SO4:H2O2	   30%	   m/m	   in	   acqua	  
deionizzata=	  3:1	  v/v)	  	  

4.   Dipping	  	  in	  H2O2	  30%	  m/m	  in	  acqua	  deionizzata	  



  

Ø  DerivaBzzazione	  con	  silani	  polifunzionali	  in	  una	  soluzione	  di	  toluene	  o	  in	  
acqua	  

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

	  
	  

Ø  A`vazione	  della	  reazione	  tra	  gruppi	  carbossilici	  e	  gruppi	  nucleofilici	  
	  	  	  	  	  	  Soluzione	  di	  N-‐ethyl-‐N’-‐(3-‐dimethylamminopropyl)-‐carbodiimmide	  (EDC)	  	  

	  e	  N-‐hydroxysuccinimmide	  (NHS)	  in	  acquar	  	  
	  

Funzionalizzazione	  della	  superfice	  

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

	  

-‐NH2	  	  	  	  	  	  	  -‐SH	  
	  

	  

+	  



  
Stabilità	  delle	  microstruFure	  

Quando	   una	   pressione	   è	   applicata	   tra	   il	   paFern	   di	   PDMS	   ed	   un	   substrato	   come	   nel	  
microcontact	   prin0ng	   e	   l’altezza	   delle	   struFure	   in	   silicone	   è	   più	   bassa	   della	   rela0va	  
distanza	  tra	  di	  loro	  le	  struFure	  collassano.	  
Se	  poi	  l’aspect	  ra0o	  è	  troppo	  alto	  le	  struFure	  si	  possono	  deformare	  e	  collassare.	  
Possono	  inoltre	  aderire	  tra	  di	  loro	  se	  sono	  troppo	  vicine	  tra	  loro.	  
	  

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. 
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De lamarche	   e t	   a l .	  
Hanno	  dimostrato	  che	  l’	  
aspect	   ra0o	   (l/h)	   delle	  
struFure	   realizzate	   in	  
PDMS	   deve	   essere	  
compreso	   tra	   0.2	   e	   2	  
per	  avere	  stampi	  privi	  di	  
dife:	  



  
Stabilità	  delle	  microstruFure	  

Comprendere	   i	   meccanismi	   che	   rendono	   la	   struFura	   di	   silicone	   realizzata	   stabile	   ed	   i	  
limi0	  nel	  disegno	  dei	  paFern	  è	  fondamentale	  nel	  processo	  sos-‐litografico.	  La	  limitazione	  
principale	  è	  legata	  al	  baso	  shear	  modulus	  che	  è	  minore	  di	  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	  ha	  dimostrato	  sperimentalmente	  che	  se	  h/2a	  è	  troppo	  grande	  le	  
struFure	  collassano	  ed	  aderiscono	  tra	  di	  loro	  a	  causa	  delle	  forze	  di	  
pressione	  sullo	  stampo	  e	  delle	  forze	  di	  capillarità	  dovute	  al	  fluido	  che	  
bagna	  le	  superfici.	  
	  



  
Stabilità	  delle	  microstruFure	  

TuFavia	   se	   l’aspect	   ra0o	   è	   troppo	  basso	   tuFe	   le	   superfici	   possono	  deformarsi	   a	   causa	  
delle	  forze	  di	  adesione	  superficiale	  
	  
	  
	  

Ques0	  fenomeni	  sono	  dovu0	  principalmente	  alle	  forze	  di	  adesione	  superficiale	  tra	  il	  
substrato	  di	  adesione	  e	  le	  struFure	  siliconiche.	  Se	  consideriamo	  uno	  stampo	  di	  PDMS	  
ideale	  con	  struFure	  regolari	  e	  topologicamente	  ben	  driFe	  quando	  queste	  aderiscono	  
al	   substrato	   le	   tensioni	   superficiali	   in	   aFo	   a	   causa	   del	   basso	   shear	   modulus	   del	  
silicone	  inizieranno	  a	  deformarsi,	  variando	  l’area	  di	  adesione	  superficiale	  e	  quindi	   il	  
paFern	  cosa	  fondamentale	  da	  considerare	  quando	  si	  hanno	  struFure	  con	  risoluzione	  
inferiore	  al	  micron.	  
	  

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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Stabilità	  delle	  microstruFure	  

Per	   limitare	   questo	   problema	   si	   può	   aumentare	   il	   modulo	   elas0co	   del	   silicone	  
incorporando	  par0celle	  o	  aumentando	  il	  cross-‐linker	  ma	  questo	  altera	  le	  caraFeris0che	  
chimico	   fisiche	   del	   materiale	   che	   potrebbe	   non	   aderire	   più	   bene	   al	   master.	   Inoltre	  
l’aumento	  della	  rigidezza	  dello	  stampo	  porta	  a	  concentrare	  gli	  stress	  nelle	  zone	  a	  minor	  
area	  superficiale	  che	  durante	  il	  processo	  di	  fabbricazione	  potrebbero	  quindi	  rompersi	  o	  
arrivare	  ad	  una	  deformazione	  plas0ca.	  
Analizziamo	   il	   problema	  e	   sue	  possibili	   soluzioni,	   u0lizzando	  una	   struFura	   a	   punzoni	   a	  
sezione	  reFangolare.	  
h=	  altezza	  punzone	  
2a=	  larghezza	  punzone	  
D=	  dimensione	  laterale	  dello	  stampo	  
H=	  spessore	  dello	  stampo	  
	  
Ipotesi:	  
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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)
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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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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
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Il	   numero	   di	   punzoni	   lungo	   l’asse	   x	   per	  
unità	  di	  lunghezza	  è	  pari	  a:	  
	  
	  
	  
Supponiamo	   inoltre	   che	   i	   carichi	   applica0	  
non	  varino	  lungo	  l’asse	  z.	  
Spesso	   per	   lavorare	   si	   usa	   uno	   strato	   di	  
vetro	   sopra	   lo	   stampo	   elastomerico	   che	  
assumiamo	  di	  spessore	  Hg.	  
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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)
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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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L’elastomero	  è	  supposto	  omogeneo	  ed	  isotropo	  con	  coefficiente	  di	  Poisson	  pari	  a	  0.5	  e	  
modulo	  elas0co	  tra	  0.1	  e	  10	  MPa	  
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Inizialmente	   supponiamo	   che	   i	   punzoni	  
siano	  stacca0	  dal	  substrato	  e	  poi	  vengano	  
pressa0	  di	  un	  traFo	  Δ	  che	  induce	  un	  carico	  
compressivo	  σ,	  quindi	   lo	  stress	  agente	  sul	  
singolo	  punzone	  è	  pari	  a:	  
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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,
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Poiché	  il	  vetro	  è	  più	  rigido	  dell’elastomero	  
possiamo	  trascurare	  le	  deformazioni	  del	  
vetro	  nel	  piano	  x-‐y	  che	  sarebbero	  pari	  a:	  

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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Quindi	   lo	  strato	  di	  silicone	  nel	  piano	  x-‐y	  è	  
soFoposto	  ad	  uno	  stato	  di	  stress	  biassiale	  
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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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Quindi	  lo	  stress	  è	  soFoposto	  a	  compressione	  pura	  ecceFo	  ai	  bordi	  che	  noi	  
trascureremo.	  
In	  base	  a	  ciò	  la	  deformazione	  a	  cui	  è	  soFoposto	  il	  singolo	  punzone	  per	  unità	  di	  
lunghezza	  è:	  
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Stabilità	  delle	  microstruFure	  
	   Aspect	  raBo	  (h/a)<<1	  

w≅a	  
h/w<<1	  
	  

Quando	  si	  applica	  un	  carico	  esterno	  la	  massima	  deformazione	  che	  si	  può	  avere	  è	  pari	  
ad	   h	   (altezza	   del	   punzone)	   in	   direzione	   z	   ma	   poiché	   il	   materiale	   è	   isotropo	   ed	  
omogeneo	   avremo	   anche	   le	   deformazioni	   laterali.	   Quindi	   occorre	   determinare	   la	  
forza	   di	   contaFo	   che	   è	   il	   limite	   superiore	   di	   forza	   prima	   che	   lo	   stampo	   che	   inizi	   a	  
deformarsi.	  
Risolvendo	  il	  sistema	  di	  forze	  si	  o:ene	  che	  tale	  pressione	  cri0ca	  è	  pari	  a:	  
	  

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)

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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Pc ≈ 1.36π2E*a3

h2
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1.47σ∞h
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π2E*a2
< 1

1 + (w/a)
(15a)

hc ) (7.837EI/q)1/3 (15b)
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Da	  questa	  si	  può	  ricavare	  l’altezza	  cri0ca	  massima	  
realizzabile	  con	  g	  peso	  per	  unità	  di	  lunghezza.	  

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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Stabilità	  delle	  microstruFure	  
	  Per	   non	   avere	   deformazioni	   dobbiamo	   avere	   che	   i	   punzoni	   sono	   in	   contaFo	   col	  

substrato	  ma	  ancora	  non	  hanno	  subito	  deformazioni.	  Ma	  quando	   l’elastomero	  è	   in	  
contaFo	   con	   il	   substrato	   il	   raggio	   di	   curvatura	   del	   punzone	   varia	   a	   causa	   della	  
tensione	  superficiale	  γ	  che	  finora	  non	  abbiamo	  considerato.	  

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.

Rn f 0 n f ∞

p ) γs/Rn (20)

σ12 ) σ22 ) 0 y ) 0, x > 0 (21a)

σ21 ) σ11 ) 0 x ) 0, y > 0 (21b)

σ11 )
!2γs

(π + 2)r(2 cos(π4 - θ) + cos(π4 + θ) +
cos(π4 - 3θ)) (22a)

σ22 )
!2γs

(π + 2)r(2 cos(π4 - θ) - cos(π4 + θ) -
cos(π4 - 3θ)) (22b)

σ12 )
!2γs

(π + 2)r(-sin(π4 - 3θ) + sin(π4 + θ)) (22c)

u1 )
(1 + ν)!2γs

E
ln r + c1 (22d)

u2 )
(1 + ν)!2γs

E
ln r + c2 (22e)

hc
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cyl ) ( 4(2a)2

3(1 - v2)d2)1/3 (15c)

SE ) 16E*a3w2

l3
(16)

dSE ) - 48E*a3w2

l4
dl (17)

l ) 2[3E*a3w2

2γs
]1/4 (18)

2
h[3E*a

3w2

2γs
]1/4 > 1 (19a)

κ3 t
h
2a[ 2γs

3E*a]
1/4
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Angolo di contatto
Quando un liquido bagna una superficie solida si formano tre
interfacce: solido-liquido, solido-gas e liquido-gas
Ognuna delle interfacce esercita la propria tensione, diretta verso il suo
interno. L’angolo di contatto q viene fuori dal bilancio delle tensioni

q

sLG

sSL               sSG

Generalmente, si dice che un liquido bagna una superficie quando ʖ
è molto piccolo (al limite zero), come nel caso di acqua su vetro pulito o
mercurio su rame pulito.

Se ʖ>90° si dice che il liquido non bagna la superficie, come nel caso
di acqua su teflon pulito o mercurio su vetro pulito.

La misura della tensione superficiale
Tensiometro di Du Nouy

La forza necessaria per sollevare l’anello vale

F=2( π D s)

Quanto vale la tensione superficiale?
Interfaccia aria-acqua

scloroformio-aria(20°C)=2.7 10-2N/m
sacido oleico-aria(20°C)=3.3 10-2N/m
smercurio-aria(20°C)=0.52 N/m

scloroformio-acqua(20°C)=3.3 10-2N/m
sacido oleico-acqua(20°C)=1.6 10-2N/m
smercurio-acqua(20°C)=3.75 N/m

Diametro di una goccia da un capillare

DC
DG

FS
q

FG

La goccia cade quando FG=FS

(trascuriamo la spinta di Archimede)

q inizialmente vale circa 90°, poi diminuisce.
Assumiamo che quando la goccia cade q≈0

Oss.: sperimentalmente

La	  pressione	  agli	  angoli	  è	  
quindi	  proporzionale	  alla	  
tensione	  superficiale	  	  
P≈γ/r	  ed	  r≈γ/E	  in	  genere	  si	  
è	  visto	  che	  per	  il	  silicone	  
γ/E	  è	  circa	  0.05	  
micrometri	  	  
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Gradient	  maker	  

The	  hydraulic	  circuit	  
can	  be	  reduced	  in	  an	  
electrical	  equivalent.	  	  

Necessary	  
condi0on:	  	  
Re	  <<	  1	  



+	   Profilo	  di	  concentrazione	  simulato	  



+	  
Realizzazione	  del	  device	  



+	   Realizzazione	  del	  device	  

Silicon	  Wafer	  with	  SU-‐8	  
structure	  



+	   Realizzazione	  del	  device	  



+	  Incollaggio	  del	  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	  s0ll	  s0cky)	  

Place	  the	  PDMS	  mould	  on	  the	  s0cky	  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.	  	  	  	  	  	  	  	  	  



+	   Il	  disposi0vo	  

Syringe	  	  
-‐	  	  

Pump	  



+	   Il	  disposi0vo	  



+	   Experimental	  vs	  simulated	  



+	  Simulazione	  vs	  Sperimentale	  



+	   Simulazione	  vs	  Sperimentale	  


