Langmuir2007,23, 12555-12560 12555
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Transfer printing by kinetically switchable adhesion to an elastomeric stamp shows promise as a powerful
micromanufacturing method to pickup microstructures and microdevices from the donor substrate and to print them
to the receiving substrate. This can be viewed as the competing fracture of two interfaces. This paper examines the
mechanics of competing fracture in a model transfer printing system composed of three laminates: an elastic substrate,
an elastic thin film, and a viscoelastic member (stamp). As the system is peeled apart, either the interface between
the substrate and thin film fails or the interface between the thin film and the stamp fails. The speed-dependent nature
of the film/stamp interface leads to the prediction of a critical separation velocity above which separation occurs
between the film and the substrate (i.e., pickup) and below which separation occurs between the film and the stamp
(i.e., printing). Experiments verify this prediction using films of gold adhered to glass, and the theoretical treatment
extends to consider the competing fracture as it applies to discrete micro-objects. Temperature plays an important role
in kinetically controlled transfer printing with its influences, making it advantageous to pickup printable objects at
the reduced temperatures and to print them at the elevated ones.

1. Introduction of devices from the stamp onto the receiving substrate may be
Jgoverned by the use of gluesor adhesion cascad&sRecent

11 -
with well-controlled organization onto arbitrary substrates gggzsi;r?czgveedlatst:g;qu f;;on?gn:a:ﬁedigigdi?t;g; ré%?a”of
represents a general challenge for the development of useml'controlled transfer printing app)?oach Figure 1 outlines thetransfgr
unconventional systems. Certain processing routes to macro_printing process. A soft poly(dimethylsiloxane) (PDMS) elas-

electronic systems, for example, rely on the fabrication of . . ) ; . y f
transistors and other devices on semiconductor wafers removaFome”C stamp is applied to small solid objects/microdevices on
’ a donor substrate, leading to conformal contact, driven by van

of the devices from the wafers, and assembly of the devices ONjer Waals interaction-14 The adhesion between the solid

large-area, low-cost, and/or flexible substrétesThese routes objects and the stamp is sensitive to the rate at which the stam
require the ability to direct the placement of devices or components ) P : P
separates from the donor. If the stamp is peeled away from the

thatare too small, too fragile, and too numerous to economically donor substrate with sufficiently high peel velocity, the adhesion
handle by conventional pick-and-place technologies. Possible. yhignp Y,

solutions therefore include self-assenftand new approaches is strong enough to lift the solid objects from the donor onto the
based on adhesion to elastomeric staffin these so-called surface of the stamp. The stamp is then brought into contact with
“stick-and-place” approaches, loosely bound devices are retrieved® M¢c€VinNg subs.trate and removgd with a lower peel yelouty,
from a donor substrate onto a stamp, and the devices are transfe roducing a relatively weak adhesion to the stamps. This allows

printed onto another substrate (receiving substrate). The transfe he objects to adhere preferentl_aII){‘ to_ th_e o’I’ewce su_bstra_te and
separate from the stamp, that is, “printing” the solid objects.
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(a) _ e:va 2.1)

wherewis the width (in the out-of-plane direction). The parameter
G, here, accounts for both the energy of interfacial bond breaking
and viscoelastic dissipation around the crack tip. The crack
propagates steadily on€e reaches the critical energy release
rate based on the Griffith criterion in fracture mechasics.

The pickup and printing shown in Figure 1 can be modeled
as two competing fracture paths that may have different critical
energy release rates. Figure 3shows schematic diagrams of the
pickup and printing of a thin film from and to the substrate,
respectively. The pickup is represented by the peeling away of
the thin film from the substrate (Figure 3a), while the printing
is modeled by the peeling away of the stamp only,that s, leaving
the thin film on the substrate (Figure 3b). For simplicity, we
consider a continuous thin film in this section and account for
the pickup and printing of discrete objects (e.g., Figure 1) in
section 4.

The thin film and substrate are both elastic, while the stamp
is viscoelastic. The critical energy release rate for the film/substrate
interface is denoted b@h'*"*>"a which is considered as a
material property of the interface and is independent of the peeling
velocity v since the film and substrate are elastic. (For a bimaterial
(@ i interface, the critical energy release rate may also depend on the
- crack tip mode mixity. The mode mixity, however, remains
unchanged during steady-state propagation.) The critical energy
release rateGe2™™ for the stamp/film interface, however,
depends on the peeling velocity

Figure 1. Schematic illustration of the generic process flow for Garamp/film — Gstamp/in ) (2.2)
transfer printing solid objects.

dissipation in the viscoelastic stamp increases with the peeling

‘ This is a monotonically increasing function because the energy
F
velocity. An example of this function is the power I&n?®

Gzﬁﬁmplﬂlm( V) = GO[ 14+ (Uﬂ)n] (2.2a)
0,

Stamp v

EESS S where Gy is the critical energy release rate as indicated by a
peeling velocityy approaching zeray is the reference peeling
velocity at which the critical energy release rate doublesdo

Figure 2. Schematic diagram of the peel test. and the exponenmtis a scaling parameter that can be determined
from the experiments. The power law relation (eq 2.2a) has been

: : . : i i 6232
outlined as follows. Section 2 establishes the basic theory thatShoWn to hold for either low orshlgh peel velocity;®232%or
gives the critical velocity in terms of material properties of & Wide range of temperaturési®and for both metal/polymer

transfer-printed systems. Experimental measurements of the®"d Polymer/polymer interfacé3.2° The peel velocity in the
critical velocity are described in section 3. Section 4 focuses on €XPeriments to be described in the next section is less than 50
the application of the present theory to the kinetically controlled ¢M/S, Which falls into the low peel velocity range. Itis important
transfer printing of discrete microdevices. Section 5 discusses!© Point out that the present theory is applicable for the general
the temperature dependence of the critical velocity. veloglty-dependent critical energy release rate in eq 2.2 and is
not limited to the power law in eq 2.2a.
2. Basic Theory for Kinetically Controlled Transfer The pickup of a thin film (Figure 3a) occurs when the energy
Printing release rate in eq 2.1 reach®d]*"*"*for the film/substrate

Figure 2 shows a schematic diagram of a stamp on asubstraté'nterface first, which gives the critical peel force for pickup as

subjected to a peel foréenormal to the stamp/substrate interface.

. (= — WGfiIr_n/substrate (2 3)
The stamp is peeled away from the substrate at a steady-state pickup crit :
speedy, which is similar to the steady-state propagation of a
crack at the same velocity. The energy release@dte steady- 883 Erow?(, l; RkAnng-JRE- Ma’t\ir-t Sci-Tl9€:1l 2&93231—14(??3) 266273
. - im, K. S.; Kim, J.J. Eng. Mater. Techno s .
state crack propagation is related to the peel force 89 (20) Kim, K. S.; Aravas, NInt. J. Solids Struct1988 24 (4), 417—435.
(21) Anderson, T. LFracture Mechanics: Fundamentals and Applications
(15) Gent, A. N.Langmuir1996 12 (19), 4492-4496. 2nd ed.; CRC Press: Boca Raton, FL, 1995.
(16) Gent, A. N,; Lai, S. M.; Gent, A. N.; Lai, S.-M.. Polym. Sci., Part B: (22) Tsai, K. H.; Kim, K. Sint. J. Solids Struct1993 30 (13), 1789-1806.
Polym. Phys1994 32 (8), 1543-1555. (23) Gent, A.; Schultz, 1. Adhes1972 3, 281—294.

(17) Kendall, K.Sciencel994 263 (5154), 1726-1725. (24) Maugis, D.; Barquins, Ml. Phys. D.: Appl. Phy4978 11, 1989-2023.
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(a) Pick up zontal line around the middle of Figure 4) since itis independent
of v, while G™"y ) is a monotonically increasing function
of v. There exists a critical velocity. at which the two critical
energy release rates are equal,

Stamp film/substrate__ ~stamp/fil
v Gcrit - Gcrit m(”() (2-7)

For a peel velocity > ve, Gly"™**"*“is less tharGy™""(v)
such thatthe filmis peeled away from the substrate (i.e., pickup).

Forv < e, Ghmisubstiateig |arger tharGSa™ ") such that the

(b)  Printing film remains on the substrate (i.e., prcirrl;ting). It follows from the
above that the critical velocity,, which governs the pickup and
printing in the kinetically controlled transfer printing, is
completely determined by the energy release rates for the film/

Stamp substrate and stamp/film interfaces. For the example of the power

law relation of GS2™I",) in eq 2.2a, the critical velocity is

Gfilm/substrate_ GO 1in

crit

Gy

(2.7a)

Figure 3. Schematic diagrams of the pickup (a) and printing (b)

of a thin film. For the limit of a very weak film/substrate interface (the
horizontal line at the bottom of Figure 4) such tigf/s->stae

< Gy, the film is always peeled off regardless of the peel velocity
and therefore cannot be printed on the substrate (Figure 4). For
the other limit of a very strong film/substrate interface (the
horizontal line at the top of Figure 4) such thgf/suostae >
Grampfin ) (Where vmay is the maximum peeling velocity
that can be achieved in the experiment), the film is never peeled
off and therefore cannot be “picked up” (Figure 4). For these
limits, transfer printing cannot be kinetically controlled. The

G Strong film/substrate interface

tampifilm
B,

'f;?iqiinj"-"

0 Weak film/substrate interface kinetically controlled transfer printing method used in this
l configuration thus requires a film/substrate combination with a
. . critical energy release rat&"m'S"*s"*® that lies within the
0 v, Voae V¥ experimentally realizable range 6£2™""(,). In this (planar)

Figure 4. Schematic diagram of critical energy release rates for the configuration in which the nature of the i?tef)rfa::es is uniform
film/substrate interface and for the stamp/film interface. The throughout, such intermediate values@ffi’****"**may arise
intersection of the horizontal line in the middle with the curve from carefully controlled interfacial chemistries. Interfacial

{eprefsen@ E[he C_?EC?]' peel ;’elll‘?CitY f?trhthg l:tineticatljl¥ controlled tchemistries that are very strong (e.g., uniformly covalently bound
ransfer printing. The horizontal lines at the bottom and top represent . , mpfil -
very weak and very strong film/substrate interfaces, respectively, interfaces) or very weak relative to the range“;@fﬂ () will

corresponding to pickup only and printing only. not exhibit an experimentally realizablg In practice?*°1lthe

use of different, nonplanar configurations and different substrates
Similarly, the printing of the thin film (Figure 3b) occurs when for pickup and printing expands the range of materials systems
the energy release rate reacl@&E™""") for the stamp/film to which the kinetically controlled transfer printing strategy

interface first, defining the critical peel force for printing as  applies. Insome implementations, for example, carefully designed
geometries aid the pickup process by controlling fractfiemd

Forinting = wGSramefin, ) (2.4) adhesive layers on the receiving substrate aid the printing
process:® In each of these cases, the reliability of the printing
a parameter that depends explicitly on the peel velogity approach depends on control of the rates. Materials systems having
The criterion for pickup and printing is obtained by comparing  the stacked-planar configuration studied in this paper give valuable
their corresponding critical peel forces, thatfgickup < Fprinting insights into the rate-dependent nature of the printing process.

or equivalently . .
3. Experimental Section

Glimisubstrate - stampffimy,y - for pickup (2.5) We performed peel tests of a poly(dimethylsiloxane) (PDMS)
elastomer stamp on a Au film deposited on a glass substrate subjected
of the thin film andFpickup > Fprining OF €quivalently to several modifications. Each is described below.
Stamps.PDMS elastomer (Sylgard 184, Dow Corning) was cast
Gglrri?/substrate> Gmmp/ﬁln@) for printing (2.6) between two flat polycarbonate plates (1 mm apart) and cured for

24 hat60°C. Stamps (1 7.62 cn?) were cut from the sheet, rinsed
with IPA for 30 s, and dried under a stream of nitrogen for 1 min.

Figure 4 shows a schematic diagram of critical energy release " gample preparation/Surface TreatmentGlass slides (Fisher

film/substrate stamp/fil H . i X . .
ratechrF' b and G;;™""(v) versus the peel velocity, Scientific) were cleaned in a Pirahna solution (1:88y/H,0, 30%)
where GJ7*"*"® corresponds to a horizontal line (the hori- for 5 min, rinsed thoroughly with deionized (Milli-Q) water, and
(25) Barthel, E.; Roux, S.angmuir200Q 16, 8134-8138. (27) Meitl, M. A.; Feng, X.; Dong, J. Y.; Menard, E.; Ferreria, P.; Huang, Y.;

(26) Barquins, M.; Ciccotti, MiInt. J. Adhes. Adhed.997, 17, 65—68. Rogers, J. AAppl. Phys. Lett2007, 90 (8), 083110-1
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25 . of Gimisubstrateis ahout 12 J/h(corresponding to the horizontal line
: LIMDS Sowerl around the middle of Figure 4). For the very weak (FOTCS) interface,
201 & FoTcs oyeriaw //// the film is always peeled away, amﬂ'rri{““bs"ateis less than 4 J/f
o (corresponding to the horizontal line at the bottom of Figure 4). For
15, the very strong (Ti) interface, the film is never peeled away, and
“E Gy ***"*¢is greater than 18 Jffcorresponding to the horizontal
2 /;@ line at the top of Figure 4).
O 10
Au film is peeled away 4. Kinetically Controlled Transfer Printing of Discrete
54 Microstructures
() We turn from the consideration of the mechanics involving
0 : . : . : a continuous thin film to the adhesion-based transfer of
0 10 20 30 40 50 microstructures as discrete solid objects, as shown schematically
v (cm/s) in Figure 1. The kinetic control of this form of transfer printing

Figure 5. Critical energy release rate versus peel velocity for the Of discrete solid objects is discussed in this section. We begin
PDMS stamp/Au film/glass substrate. Three different surface with the adaptation of the general model along lines specific to
treatments (Ti, HMDS, and FOCTS) are selected for the thin film/ this case.

substrate interface. For discrete microstructures, the local energy release rate

i amp/microstructure
dried under a stream of nitrogen before surface treatment and thebetween the stamp and the miCrostructu@s; '

deposition of Au thin films. Three different surface treatments were a?n(?croigﬂursgtbv;ggn the mlcrostruc_tures and thg substrate,
selected to examine variable strengths of adhesion between the glasS" - % °depend on the microstructure size, shape,
slides and the Au thin films. The first treatment produced a SPacing, and distribution. For the pickup of microstructures, the
perfluorinated self-assembled monolayer on the glass surface via€nergy release during pickup is composed of two parts:
exposure to (tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane (i) the local energy release between microstructures and the
(FOTCS) vapot!28To effect this treatment, the glass slides and a substrate, and during the pickup the local energy release rate
vial of FOTCS liquid were placed together in an evacuated vacuum reaches its critical value,
desiccator for 1 h, removed, and loaded into a Temescal electron
beam evaporator for the deposition of 100 nm of Au. Other cleaned GMicrostructure/substrate. (microstructure/substrate (4.1)
glass slides were treated with hexamethyldisilazane (HMDS) by crit '
exposing the slides to HMDS vapor in a bell jar for 5 min before .
deposition of 100 nm of Au (as described above). The third set of  (ii) the local energy release between the stamp and substrate,
slides were coated with 1 nm of Ti prior to the 100 nm Au deposition, and during the pickup the local energy release rate reaches its
both by electron beam evaporation. The three surface treatmentscritical value,
(FOTCS, HMDS, and Ti) gave different levels of adhesion between
the Au films and the glass slides. Gstamp/substrate stamp/substrage 4.2
1 H crit F ) ( )

Peel Testand Separation Velocity Measuremen€lean PDMS
stamps were laminated onto the gold coated side of a substrate and . . -
left in conformal contact with the surface for 3 min. Inverting the (Strictly spgaklng, the pr.mcal energy relgage rate may depend
stamp/slide (stamp side down) and attaching weights to one end ofon the crack tip mode mixity for a bimaterial interface, and the
the stamp initiated peeling of the PDMS stamp from the slide. Video Mode mixity may not be a constant for discrete microstructures
recordings of each peel event were used to measure the separatiofven for the steady-state propagation. This dependence, however,
speed. is not accounted for in the present study.) {(6t< f < 1) denote

Figure 5 shows our measured critical energy release rate versushe area fraction of microstructures on the substrate, frwithil
the steady-state peel velocity, for a PDMS stamp on a Au film  being the limit of a continuous thin film. For the pickup of
supported on a glass substrate. In these experiments, the stampgjcrostructures from the substrate over the d@#&ahat is much
were laminated against the Aufilms on glass, peeled by the appllcat|0n|arger than the area of each microstructuké, containsfAA
of ‘3 fﬁ”es of Cotf]Sta.n: Iofads, thte Spe}fe.ld of separ?Fo? Wgst m;sasure icrostructure/substrate interface area and-()AA stamp/
and the separation interface (stamp/film versus film/substrate) Was o 1 trate interface area. The energy releagg gmerostureisubstate

noted. The thicknesses of the PDMS stamp, Au film and, glass 4
substrate were 1 mm, 100 nm and 1 mm, respectively. Three different@ + /a-naaGSmPS12(3) dA, whereGMmerostuctre/subsiaigng

surface treatments were selected, and they are denoted as Ti, HMDSG™>"P/!*s"tlepend on the microstructure size, shape, spacing,
and FOTCS, corresponding to the strong, intermediate, and weakand distribution.
film/substrate interfaces, respectively. All of the experimental data ~ For steady-state pickup, the average energy releaset4ig®
presented in Figure 5 (with the exception of the last two on the right) is the energy release over the pickup ak@athat is,Gaverasp A
correspond to the printing regime (i.e., peeling the stamp away from = f;, sGMmicrostruture/substratg A - S a-aaGSrampisubstiag)y dA From
the film) and therefore give3:™"™2). This relation can be fitted  the energy balance, it also equals the external work done by the
by the equation peel force, which is approximatelfFfw)AA. (For a thin film

» 06 with constant thickness, the external work done by the peel force

Grameffim,y = 2.16{1+ (;71) 5]J-m‘2 (3.1) is (F/W)AA. For non-constant thickness (e.g., discrete micro-
1.55 cms structures), the external work done is approximatEijAA.)

This givesGaverase= F/w, which is the same as eq 2.1. On the

as shown by the solid curve in Figure 5. The two data points on the . .
right correspond to the pickup (i.e., high-speed peeling of the film other hand, the energy release during pwﬁfgiﬁ?ﬁé,sﬂgﬁe

away from the substrate) for the intermediate (HDMS) and very &alSO eq”a'sﬁi‘fp,fuﬂﬁfe?y dissipation, which fig;

weak (FOCTS) interfaces. For the intermediate (HMDS) interface, + (1 — )G &) AA from eqgs 4.1 and 4.2. This gives
the critical velocity is about 15 cm/s, and the corresponding value the steady-state peel force for pickup as

28) Xia, Y.; Whitesides, G. MAngew. Chem., Int. EA.998 37 (5), 550~ — microstruturésubstrate _ stamp/substra
575(,_ ) 9 8370) Fpickup = WIfGerit + (1 - NG )] (4.3)
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For the printing of microstructures (to the substrate), the printing
areaAA containgAA stamp/microstructure and {1f)AA stamp/
substrate interface areas. The steady-state peel force for printing
can be similarly found as
Fprinting =

W[sttamp/microstructurcev) +(1- f)Gstamp/substratev)] (4.4)

crit crit

G (JIm?)

For Fpickup< Fprinting: PiCkup of the microstructures occurs,
and the opposite holds for the printing of microstructures. This
gives the following criteria for the pickup and printing of

1 . 0 T T T T T
microstructures: 0 10 20 30 40 50 60

v (cmis)

Figure 6. Rate-temperature equivalence of the critical energy
release rate for the stamp/film interfaces at different temperatures.

+ = 4 experimental data
G=+# in Eq. (5.3)

microstructure/substrati stamp/microstructur :
Gcrit B Gcrit (ey) for plckup (4-5)

and
80

microstructure/substrat stamp/microstructu
Geri > Gaiit @/ )

for printing (4.6)
The above criteria result from the comparison of the average 601
energy release between the pickup and printing of microstructures,
and it is therefore independent of the microstructure size, shape,
spacing, and distribution. It is also independent of the micro-
structure area fractioinand is identical to that for the continuous
thin film in section 2 except that the critical energy release rate 20
for the film/substrate interface is replaced @ s e re/substrate

for the microstructure/substrate interface. It should be pointed

v, (cm/s)

40

printing

out, however, that the conclusions in this section for the pickup 0+— : y . T
and printing of discrete microstructures are based on the average -40 -20 0 20 40
energy release rate. For other criteria such as the local energy T(C)

release rate, the pickup and printing may depend on the Figure 7. Critical velocity separating pickup from printing versus
microstructure size, shape, spacing, distribution, and area fractiontemperature.
The steady-state critical velocity, which separates the pickup

and printing of microstructures, is obtained from for most polymers within 50 K of the glass transition temperature
Tg. For PDMS, Ty is around—125°C (148 K), and thus, eq 5.2
ch‘::ffos“ucwfe/subﬂfate_— Gi}ﬁmp/mims“uc‘ur(eu 3 4.7) might not be expected to hold for temperature-dependent printing

processes carried out near room temperature. We therefore
This critical velocity depends only on the critical release rates €XPplicitly tested this critical process parameter, measuring the
(interface properties). The peel forces for pickup or printing in  Cfitical energy release rate between the stamp and the Au film
eqgs 4.3 and 4.4, however, still depend on the microstructure ares@Ver a variable range close to room temperature. (For this

fraction. experiment, the glass substrate is coated with 5 nm of Ti and 50
nm of gold film such that the film never delaminates in this
5. Temperature Effect in Kinetically Controlled system.) Figure 6 shows measured valuegjf™ " ™versus the
Transfer Printing peeling velocityv for three temperatures;: 4 °C (277 K);

24 °C (297 K); and 37C (310 K). The critical energy release

Temperature may play an important role in the kinetically -
rate in eq 3.1 takes the form

controlled transfer printing. The well-known rateemperature
equivalence for viscoelastic proces$g§2%-32 gives the tem-

perature dependence of the critical energy release rate as GSI;’:lmp/film(U) —91 6{1 " ( amv Jo.es] It 53)
Gstamp/film: Gstamp/film(ya ) (5 1) et 1.81 x 10—13 cm/
T. .

crit crit

which degenerates to the critical energy release rate in eq 3.1 at
wherearis the so-called temperature shift factor that is a universal temperaturél = 20 °C (293 K). The predicted critical energy

function of temperaturg. It has been found that this parameter release rate given by eq 5.3 is also shown in Figure 6, which
is well approximated &é agrees very well with the experimental data without any parameter
fitting. It therefore follows that the universal function of the

log,, a, = —17 T-T, (5.2) temperature shift factaar in eq 5.2 still holds at temperatures
07T 524+ T-T, ' far from Ty, up to 37°C (310 K), for PDMS.
In the following, we use egs 5.2 and 5.3 to estimate the
(29) Knauss, W. Glnt. J. Fract. Mech 1970 6 (1), 7—20. temperature effect. The critical velocityseparating the pickup
(30) Mueller, H. K.; Knauss, W. GJ. Appl. Mech1971, 38 (E), 483-488 and printing of thin films or microstructures can be determined

(31) Mueller, H. K.; Knauss, W. Glrans. Soc. Rheal971, 15(2), 217-233.

(32) Knauss, W. GAdvances in Fracture ResearcRroceedings of the 7th
International Conference on Fracture (ICF-7); Pergamon Press: New York, 1989;
pp 2683-2711 (34) Williams, M. L.; Landel, R. F.; Ferry, J. . Am. Chem. Sod955 77,

(33) Schapery, R. APolym. Eng. Sci1969 9 (4), 295-310. 3701-3707.

from eq 2.7 by equating the abo@2™"""(arv) to the critical
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energy release ra@ *"*" (=12 J/n?) for the film/substrate
interface. This gives the critical velocity

_ 1.90x 10 *cm/s
Ve = a

(5.4)

which clearly increases with the temperature as shown by the
data given in Figure 7. FoF = 4 °C (277 K) and 37°C (310

K), the critical velocityy. is 6.64 and 40.0 cm/s, respectively.
This demonstrates that, for kinetically controlled transfer printing,
it is advantageous to pickup a microstructure at a lower
temperature and to print it at an elevated one.

6. Concluding Remarks

The mechanics that govern kinetically controlled transfer
printing are described by competing fracture between two
interfaces: the interface between the stamp and the ink (i.e.,

Feng et al.

In the work presented, the stampl/ink interface is modeled with
a speed-dependent critical energy release rate, or interface
toughness, which increases with speed due to the viscoelastic
nature of PDMS. Conversely, the ink/substrate interface (elastic)
is given a speed-independent critical energy release rate. This
treatment predicts a critical speed above which the stamp/ink
interface is stronger than the ink/substrate interface and below
which the opposite is true. Experimental results confirm that for
Aufilms adhered to glass slides there exists such a critical speed.
The treatment predicts similar governing mechanics for both
uniform thin films of ink as well as inks composed of discrete
micro-objects.

Temperature plays an important role in the dynamics of
kinetically controlled transfer printing. In practical terms, it is
advantageous to pickup objects at a lower temperature and print
them at an elevated one.

microstructure) and the interface between the ink and the substrateLA701555N



