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Mechanics of noncoplanar mesh design for stretchable electronic circuits
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A noncoplanar mesh design that enables electronic systems to achieve large, reversible levels
stretchability (>100%) is studied theoretically and experimentally. The design uses semiconductor
device islands and buckled thin interconnects on elastometric substrates. A mechanics model is
established to understand the underlying physics and to guide the design of such systems. The
predicted buckle amplitude agrees well with experiments within 5.5% error without any parameter
fitting. The results also give the maximum strains in the interconnects and the islands, as well as the

overall system stretchability and compressibility. © 2009 American Institute of Physics.

[DOL: 10.1063/1.3148245]

I. INTRODUCTION

Stretchable electronics is emerging as a technology that
could be valuable for various applications such as flexible
displays,1 electronic eye camera,2 conformable skin sensors,3
smart surgical gloves,4 and structural health monitoring
devices.” There exist two approaches to achieve stretchabil-
ity: (i) coplanar stretchable interconnects (bonded to a sub-
strate) between rigid device islands,® and (i) wavy layout
(i.e., small wave) throughout the whole circuit system.7 Both
are fabricated on elastometric substrates, and provide some
degree of stretchability (e.g., 10%). None offers strain-
independent electronic performance at large strains, which is
of interest in practical applications.z‘4 Here, we present a
noncoplanar mesh design, which is based on the
interconnect-island® concept to accomplish much higher
stretchability (i.e., up to 100%). Figure 1 schematically illus-
trates the fabrication of circuits with noncoplanar mesh de-
sign on compliant substrates.>® The silicon (or other semi-
conductor material) islands, on which the active devices or
circuits are fabricated, are chemically bonded to a pre-
strained (e.g., 50%) elastometric substrate of a material such
as poly(dimethylsiloxane) (PDMS), while interconnects are
loosely bonded.? Releasing the prestrain leads to compres-
sion, which causes the interconnects to buckle and move out
of the plane of the substrate to form arc-shaped structures.
The poor adhesion of interconnects (to PDMS) and their nar-
row geometries and low stiffness (compared to device is-
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lands) cause the out-of-plane deformation to localize only to
interconnects, and therefore the strain in islands is very
small. Figure 2 shows a scanning electron micrograph of
silicon structure (island: 20X 20 ,u,mz, 50 nm thick; inter-
connect: 20 X4 /.Lmz, 50 nm thick) on a 1 mm thick PDMS
substrate. The inset clearly shows that the islands remain flat
while interconnects buckle.

Kim et al.® developed a full-scale finite element model
for the noncoplanar mesh design. But, it is rather complex
and does not lead to simple, analytical solutions to be used in
the design and optimization of these systems. This paper
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FIG. 1. (Color online) Schematic illustration of the process for fabricating
electronics with noncoplanar mesh designs on a complaint substrate.
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FIG. 2. A scanning electron micrograph of a noncoplanar silicon mesh
structure (island: 20X 20 um?, 50 nm thick; interconnect: 20 X4 um?, 50
nm thick) on a PDMS substrate.

aims at establishing a mechanics theory for the mechanical
response of noncoplanar mesh design and predicting the
maximum strains in the interconnects as well as in the is-
lands, which are both important to determine the stretchabil-
ity of the system. For simplicity, silicon is used for both
islands and interconnects, though the mechanics theory can
be applied to other systems that involve multiple materials.
The paper is outlined as follows. The mechanics models of
the interconnects and the islands are described in Secs. II and
I, respectively. Stretchability/compressibility of various
nonplanar mesh designs are discussed in Sec. IV.

Il. MECHANICS MODEL OF INTERCONNECTS

The width of interconnects is much smaller than the
width of island such that the rotation at the ends of intercon-
nects is very small. This is verified by the finite element
analysis (see Sec. III and also Kim ef al.®) as well as by the
analytical solution given in the Appendix. Therefore, the
“bridge”-like interconnect is modeled as a beam with
clamped ends (as shown in Fig. 3) since its thickness
(Mprigge ~ 50 nm) is much smaller than any other characteris-
tic length (width: wyqee~4 wm; length: Lygee ~20 um).
The beam, however, undergoes large rotation once the inter-
connect buckles. Let X denote the initial, strain-free configu-
ration of the beam (top figure in Fig. 1), and x the buckled
configuration (bottom figure in Fig. 1). The distance between
islands changes from Lgridge t0 Lyyige in these two configura-
tions, as shown in Fig. 3, and the buckle amplitude A is to be
determined. The out-of-plane displacement w of the inter-
connect takes the form

A 27X A 27X
w=—(1+cos =—(1+cos—; , (1)
2 Lbridge 2 bridge
which satisfies vanishing displacement and slope at the two
ends X= iLgridge/ 2. The sinusoidal buckle profile in the
z
A Release o
—p
| 0 = &
Loiige

FIG. 3. (Color online) Schematic diagram of mechanics model for the in-
terconnect region of a noncoplanar mesh structure.
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above equation also agrees well with the full-scale finite el-
ement analysis.8

The total energy Up:y.. Of the interconnect consists the
. bending % h b Umembrane
bending energy Uyigoe bm}i d the membrane energy Upigo.
ending

The bending energy Upygee® can be obtained from Eq. (1)

and the bending rigidity Epigeehipyige./ 12 as

0 3 2. \2
gybending _ f Lhrigge2 1 Ebridgehbridge<d W) JX

bridge — _Lgridge/z 2 12 dX2
_ Ebridgehgn‘dge A 2)
12 (Lgridge)3 ’

where Eyigq i the Young’s modulus of the interconnect.
The membrane strain sgieégzrane, which determines the
membrane energy, is related to the out-of-plane displacement

w in Eq. (1) and in-plane displacement u by’

du 1(dw)’
membrane
~ =—+-|—=/. 3
bridge dX 2<dx) ( )
The membrane force N is then related to s&?&‘é‘?ane via the

tension rlgldlty Ebridgehbridge as N=Ebﬂdgehbﬁdgesrb[§£2rane. The
force equilibrium
dN
——=0, (4)
ax
requires a constant membrane force, which gives the in-plane
displacement

0
w= ( 7A® )sin( 4m X) _ Livigge = LbridgeX 5)
= 0 0 0 :
1 6Lbridge Lbridge Lbridge
0
Here the conditions #(0)=0 and [ l_“‘i%“ge/z/zdu=Lbridge—Lgﬁdge

. . bridge
have been imposed. Equation (3) then gives a constant mem-
brane strain

2 0
WZA _ Lbridge - Lbridge

membrane __ (6)
bridge T 0 2 0
4(Lbridge) Lbridge
The membrane energy in the interconnect is given by
0
Ly 2 ]
b bridge’ b 2
Ubridge = f EEbridgehbridge(Sg;ie(rjgerane dx
LD 2
idge
Lo { A
=, Ebridgetbridgelbridge| ,,,0 2
2 4(Lbridge)
0 2
n Lbridgeo_ Lbridge:| ) (7)
LY.
bridge
Minimization of total energy in the interconnect
IUpiage! PA=0 gives the amplitude
0 0
_ 2Luridge | Loriage ~ Lbridge
A= 0 — Cc» (8)
w Lbridge
where e,=72h2. . /[3(L., )*]is the critical buckling strain
c— bridge bridge g

for Euler buckling of a doubly clamped beam. For (Lgridge
_Lbridge)/ L&idge< g., the interconnect does not buckle, and
therefore has no bending. The membrane strain is sg}i‘i‘gane
—_ 0 0 0 0

__(Lbridge_Lbridge)/Lbridge. Once (Lbridge_Lbridge)/Lbridge ex-
ceeds g, the interconnect buckles such that the membrane
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FIG. 4. (Color online) The maximum strain in the interconnects vs the
prestrain for different interconnect lengths.

strain remains a constant —e, [see from Egs. (6) and (8)], and

the bending strain (curvature Prigge!2)  increases
. . bendi

with the deformation, sbfl'figl:g =2 W(hbndge/ Lbn dge)

X \/[(Lbndge ~Liyigee) Lbrldge] g.. The maximum (compres-

sive) strain in the interconnect is the sum of membrane and

bending strains, and is given by

max 5o hbrldg \/ Tbridge  ~bridge e Lbrld —e.+&
c c

8brldge L
bridge bndge
0
hbridge Lbridge B Lbridge
=2 0 5 (9)
Lbridge Lbrldge

where the approximation holds for (Lbrldge Liidge) / Lgﬁdge
brldge/ (Lbndge)z‘

Once the prestrain &, in the substrate is relaxed, the
bridge length is reduced to Lyygee- Therefore the prestrain is
given by &= (Lbrldge Liyigge) ! Liyiages Which can be rewritten
as

0
Lbnd _Lbridge _ Epre

0 (10)
+ Epre

Lbrldge

The maximum strain in the interconnect in Eq. (9) is then
related to the prestrain in the substrate by

€

max - _ o ‘hbridge

8bridge - B . (1 1)

Lbridge 1+ 8pre

The initial length of the interconnect in experiments is
Lgridge=20 pm and the thickness /yq,,=50 nm, which give
a critical buckling strain £.=0.0021%. The measured bridge
length is Lygee=17.5 pm after relaxation, which corre-
sponds to prestrain &,,.=14.3% in the substrate. Equation (8)
then predicts the amplitude A=4.50 wm, which agrees well
with the experimentally measured amplitude 4.76 wm. The
maximum strain in the interconnect is 0.56%. This value is
smaller than the fracture strain of silicon (~1%), and is
much smaller than the prestrain e,,. For 1% interconnect
strain, the prestrain can reach 68.1%.

The maximum strain in the interconnect sbndge given in
Eq. (9) or Eq. (11) is proport10nal to the interconnect thick-
ness and to length ratio, Ayigge/ Lbrldge Flgure 4 shows epy,

bridge
versus the prestrain g, for the length Lbndge—40 20, and
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FIG. 5. (Color online) Distribution of the strain &, in islands (20
X 20 wm?) when the interconnect relaxes from 20 to 17.5 um.

10 pm and thickness /yq0.=50 nm [or equivalently Ay
=25, 50, and 100 nm and length Lbndge—20 pum]. Therefore
thin and long interconnects give small strain, and thus in-
crease the stretchability.

lll. MECHANICS MODEL OF ISLANDS

The finite element method is used to study the silicon
island on PDMS substrate. The island is modeled as a plate
since its thickness h;g,,q 1S much smaller than the length
L)..a- The buckled interconnects give the axial force N
=EpyigeeMbriaee€c and bending moment M —(Ebridgehgrid /12)
X [2772A/(Lbndge)2] WEbrldgehbrldge/(3Lbndge) 8pre/(1 +8pre)
over the width wyqe. On each edge of the island.

The PDMS substrate is modeled by a unit cell that is a
square with edge length LY,,.i+Liyiage in the (X-Y) plane but
very thick in the island thickness direction (Z). The displace-
ments are continuous across the island/substrate interface,
and the rest of the top surface is traction free. Periodic
boundary conditions are imposed on the lateral surfaces (X-Z
and Y-Z planes) of the substrate.

Figure 5 shows the strain distribution €, in a Si island
(Eigana=130 GPa, vig,nq= 0 27, length LY =20 um, and
thickness h;,,0=50 nm)'® on an PDMS substrate (E, st
=2 MPa and vypgme=0.48)."" The axial force and bending
moment result from the buckled interconnect (Epyigge
=130 GPa, Lbndge—ZO um, fpgee=50 nm, andge—4 pm,
and Lyigee=17.5 um after relaxation). The maximum strain
occurs at the interconnect/island boundary.

The strain due to the axial force is negligible as com-
pared to that due to the bending moment. Dimensional analy—
sis gives the maximum strain in the silicon island as &
=ab6(1-
sional

1sland
Vo tand)M ! (EigranaPiiana)> Where @ is a nondimen-
function of dimensionless elastic properties
Esubstrate/ Eisland» Vsubstrates and Visland> and nondimensional
lengths Whigge/ Listana a0d Liyigoe/ Lisiana- Finite element analy-
ses show that « is essentially a constant of unity. For large
variations in island and substrate elastic properties and inter-
. 0 .
connect width wyyiqee and length Ly .., a only deviates from
one by a few percent. The maximum strain in the silicon

island is then given by
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2
max w
€island ~ h
1sland island
3
( 1 - isldnd)Ebridgehbridge Epre ( 12)
1slandh1s]andLbridge 1+ Epre

which can also be related to the maximum strain in intercon-
nect by

max (1 -

€island =

2 2
iqland)Ebridgehbridge max 13
h bridge* ( )
1sland island
Therefore, a stiff and thick island reduces its strain.
The maximum prestrain &,;;* that the noncoplanar mesh
design can accommodate is obtained by equating the strains

in Egs. (11) and (12) to the failure strains (~1%) el and

; bridge
f;ﬂ‘;{f of interconnect and island materials, respectively,
2
eI < —— if a<l, (14)
l-a
where
0 2
Lbrid e . failure Eislandhisland failure
= —Fmin| g5, 2 Eisland |-
27h & (1 = v100) Eoridecting
bridge island/~bridge’“bridge

(15)

For a=1 (e.g., long interconnects), the maximum prestrain
is then governed by the failure of PDMS substrate.

IV. STRETCHABILITY/COMPRESSIBILITY OF
NONCOPLANAR MESH DESIGN

The length of a unit cell changes from Lbndée+L
Lbrldge+Llsland after the prestrain ey, is relaxed, where
Liyigee= Lgndge/ l+¢&,.) is obtained from Eq. (10), and the
change in island length is negligible because the interconnect
buckles to accommodate the release of prestrain. The length
of the unit cell becomes LI;ridge+L?sland once the system is
subject to an applied strain &,p,ji.q, Where the length of inter-

island to

connect Lbndge is related to &,ppiicq DY
Lbridge — Lbridg 16
8applied L L ( )
bridge + Ligland

The stretchability/compressibility characterizes how
much the noncoplanar mesh design can accommodate further
deformation. It is defined as the critical applied strain that
leads to failure of interconnect or island, which occurs when
the maximum strains in interconnect or island reach the cor-
responding failure strains s]f)‘;iig’gr: and &4 of the associated
materials, respectively. The stretchability is determined by
the condition at which the buckled interconnect returns to a
flat state, at which point it cannot accommodate any addi-
tional stretching. This condition is obtained from L,

o bridge
_Lbridge as
Lbndge Lbridge _ Epre (17)
8stretchability I Lo - 0 .
bridge island 1 1 island
+ (1 +epe)
bridge

The result clearly shows that long interconnects, short is-
lands, and large prestrains increase the stretchability. For the
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FIG. 6. Stretchability and compressibility vs the prestrain for the noncopla-
nar mesh design (island: 2020 ,umz, 50 nm thick; interconnect: 20
X4 /.Ll’l’lz, 50 nm thick) when the failure strains of interconnect and island
are 1%.

limit of long interconnect Lbndge>Lls,and, the stretchability is
the prestraln €pre- For the other limit of short interconnect
Lbrldge<L the stretchability is (Lbrldge LY o) Epe/ (1
+8pre)]

The maximum strain in Eq. (9) for the interconnect now
becomes 8tr)nrzildge 277(hbl‘ldge/Lbr1dge) \/(Lbrldge brldge)/l‘bndge’
while Eq. (12) still holds for the maximum strain in island.
The compressibility is reached when they reach the corre-
sponding failure strains & and &1 or when then

bridge island >
neighbor islands start to contact. This gives the compressibil-

ity

island®

(1+e,)a*—¢ 1
I pre pre
€compressibility = min () * 0 ’ (1 8)
land island
L+ (1+ &m0 Lisan T+ (1+epe) 5
bndge bridge

where a is given in Eq. (15). For long interconnects (large a),
the Compressibility is  Ecompressibility=1/[1+(1+&pe)
X (LY na! Lbndge)] corresponding to the contact of neighbor
islands. For short interconnects (small a), the compressibility
is compr(3551b11ny=|:(1 + Spre)a2 pre]/[l +(1 +8pre)
X (LY and! brldge)] corresponding to the failure of intercon-
nect or island.

Figure 6 shows the stretchability and compressibility
versus the prestrain for Llsland—ZO mm,  Higang=50 nm,

br]dge—ZO pm, Apgee=50 nm, and wygee=4 um. The fail-
ure strains of the interconnect and the island are assumed, for
simplicity, to be sﬁiiggz gllue_ 19, The stretchability in-
creases with the prestrain, but the compressibility decreases.
Therefore, prestrain cannot be adjusted to give both maxi-
mum stretchability and maximum compressibility.

One way to achieve large stretchability and compress-
ibility is to increase the length Lbrlclge of interconnect. As
shown in Fig. 7 for the same set of properties as Fig. 6 and
the prestrain &,,,=50%, both stretchability and compressibil-
ity increase with the length of interconnect, though the com-
pressibility increases much faster than the stretchability. The
dot on the curve for compressibility separates the failure of
interconnect or island (left of the dot) from the contact of
neighbor islands (right of the dot).
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FIG. 7. Stretchability and compressibility vs the length of interconnect for
the noncoplanar mesh design when the prestrain is 50%. The dot on the
curve for compressibility separates the failure of interconnect or island (left
of the dot) from the contact of neighbor islands (right of the dot).

V. CONCLUDING REMARKS

A mechanics model has been established for stretchable
electronics with noncoplanar mesh designs. The results pre-
dict analytically the buckling amplitude, which agrees well
with experiments (5.5% error) without any parameter fitting.
The maximum strains in the interconnect and island are also
obtained analytically, and are used to predict the stretchabil-
ity and compressibility. The above model can be extended
multilayer interconnects and islands by replacing the corre-
sponding tension and bending rigidities.
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APPENDIX: ROTATION AT THE ENDS OF
INTERCONNECTS

Section II assumes that interconnects are clamped, which
gives vanishing rotation at the ends. The effect of nonvan-
ishing rotation can be accounted for by the rotational springs
with the spring constant k such that the bending moment M
and the rotation 6 at the ends of interconnects are related by
M=k@6. For each given M, the finite element analysis of is-
lands and substrate in Sec. III gives the rotation 6, and the
ratio M/6 gives the spring constant k. For example, k
=1.58uN for the elastic properties and thicknesses of islands
and substrate in Fig. 5.

For an interconnect of length Lbrldge with rotational
springs at its ends (X=*+L2.. /2), the equ111br1um gives

bridge
EI(d*w/dX?)=—Nw+M, where EI=Epiqochige/12 is the

J. Appl. Phys. 105, 123516 (2009)

bending rigidity of the interconnect, w is the out-of-plane
displacement that satisfies W(—Lygge/2) =W(Lyigge/2)=0, N
is the compresswe force at the ends, and M=kw'(

bndge/Z)— —kw' (Lbndge/Z) is the moment at the ends. The
buckle profile is given by

cos( %gX ) —cos &

A bridge
1—cos é

w= (A1)
where the amplitude A is to be determined, £ is determined
from tan é=— 2EI/kLbndge§ and 7/2=¢&=q. The limit k
— 0 gives £— 7, and the buckle profile degenerates to Eq.
(1) for a doubly clamped beam. The other limit k—0 gives
E—m/2, and the buckle proﬁle becomes w
=A cos(mX/ Lbndge) which satisfies w=w"=0 at two ends X
_Lgr]dge/z of a simply supported beam.

The bending and membrane energies in interconnects are
obtained from Egs. (2) and (7), respectively. Minimization of
total energy gives the amplitude

A= L0< \/ 2(1 — COS 5)2 \/Lbrldge Lbndge —e
bridge 252 _ g Sln(2§) bndge crs

(A2)

where &= hbrld&e/ [3 (Lbndge)z][2§+ sin(26)]&/[2&é-sin(2€)]
is the critical buckling strain. The maximum compressive
strain in the interconnect is the sum of membrane and bend-
ing strains, and it is given by

max _ 2§hbridge 2¢ Lbrldge Lbridge
Sbridge - . — &

Lbndge 26— SIH(2 5) Lbndge
+ &
~ 2§hbridge \/ 26 \/Lgridge B Lbridge
Lbrldge 26— Sil’l(2§) Lbrldge ,

(A3)

where the approximation holds for (Lbrldge Liyiage)/ Lbrlclge
>hbr1dge/ (Lbndge)z

For Ejyigee=130 GPa, Lbndge—ZO pm, Apge.=50 nm,
and Lyygee=17.5 um after relaxation, Eq. (A2) gives the am-
plitude A=4.61 um, which agrees well with 4.50 um given
by Eq. (8). The maximum strain in the interconnect is 0.49%
from Eq. (A3), which is smaller than 0.56% given by Eq.
(11). Therefore, the rotation at the ends of interconnect can
be neglected.
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