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Abstract	
	
The term Stretchable Electronics refers to an emerging research field featuring 

electronics devices which can be safely bent, stretched and twisted during operation. 

Matching high deformability and state-of-the-art electronic performances attracts great 

interest by the industry, since it makes easier to interface electronics with daily life, 

therefore opening new perspectives in several application fields, namely energy storage, 

healthcare technology and media communication devices.  

	

Depositing metal thin films (10nm to 10µm thickness range) onto polymeric substrates 

is one of the most popular strategies to achieve deformable electronic components, with 

specific reference to stretchable electrical interconnects [1]. Among possible 

metal/polymer material systems, gold (Au) on Polydimethylsiloxane (PDMS) has its 

remarkable advantages, namely, extended range of reversible stretchability of the 

PDMS substrate [2], good conductivity of Au [3] and biocompatibility of both materials 

[3]. However, it is well known that achieving a reliable deposition of metal upon 

elastomers is a challenging task [4]. Being the deposition temperature usually in the 

range of 100°C, the mismatch in thermal expansion coefficient of Au and PDMS makes 

rise significant residual stresses as the system approaches room temperature [4]. 

Moreover, plasma-treatment of the polymer surface to enhance subsequent 

metal/polymer adhesion can cause a significant embrittlement of the polymeric material 

across a few tenths of nanometers depth from the surface [5]. The combination of the 

aforementioned phenomena can trigger the onset of undesired cracks, which affect both 

the metal film and the embrittled layer of the polymer substrate at very limited strains, 

or even in the undeformed state. Investigation of the cracking behavior of Au/PDMS 

systems was extensively addressed upon uniaxial strain [6,7]. Nevertheless, the state of 

biaxial strain is a more realistic deformed condition considering, for instance, the most 

common applications of stretchable electronics in healthcare technology [8]. Among 

other testing methods, the bulge testing technique provides significant flexibility in 

terms of the range of stress/strain states a sample can be subjected to. Following the 

aforementioned arguments, this study explores the use of the bulge testing the bulge 
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test method, as an alternative experimental technique to study the cracking behavior of 

Au/PDMS systems for stretchable electronics applications.  

Bulge test is an experimental method suitable for thin film samples and, in brief, it 

consists in the application of pressure on one side of a sample clamped along the 

boundaries of a cavity of given shape (from now on referred to as bulge window) and 

in the measurement of the related deflection. Mechanical properties are obtained from 

the pressure/deflection relationship according to bulge equations, which not only 

depends on the material properties, while also on the size and shape of the bulge 

window [9]. Noteworthy, the traditional bulge equation relies on the assumption of 

linear elastic behavior of the sample, which does not apply to elastomers like PDMS.  

To overcome this limitation, the first task addressed in this study consists in the 

development of a reviewed version of the bulge equation, which is described in Chapter 

3. The non-linear nature of the constitutive behavior of a typical elastomeric materials 

was considered. Specifically, the bulge equation was recast in the assumption of 

incompressible hyperelasticity, for both circular (i.e., equi-biaxial strain) and 

rectangular (i.e., plane strain) bulge window shapes. 

 

Secondly, the design and manufacture of the bulge test device was addressed. Due the 

available manufacturing facilities, the circular window shape only was considered, 

therefore limiting the experimental activity to the equi-biaxial strain case. Material 

choice and device dimensions were made according to the constraints provided by (i) 

the manufacturing facilities and (ii) the experimental equipment to be combined with 

the bulge test device during tests, namely, a laser profilometer and an inverted optical 

microscope. In chapter 4, the design and manufacturing details are described. 

	

In Chapter 5, a bulge test experiment with in-situ laser profilometry is described. 

Noteworthy, the bulge window dimension (i.e., 500µm radius) was selected in order to 

comply with the height-measurement range of the profilometer. This test was devised 

to gain insight on the bulged sample profiles corresponding to an applied pressure. 

Besides providing a phenomenological pressure/deflection relationship for a specific 

bulge device window, experimental results by in-situ profilometry provided the 

opportunity to infer the constitutive parameters of the PDMS by assuming a specific 

hyperelastic strain energy potential and by best-fitting the pressure/deflection data 
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using the hyperelastic bulge equation developed in Chapter 3. Five different 

hyperelastic strain energy potentials were tested. Based on best-fitting results, a Yeoh 

strain energy potential [10] was selected to model the PDMS behavior and predict the 

pressure/deflection relationship for an arbitrary window size.  

 

In Chapter 6, the use of in-situ optical microscopy (20X magnification objective) 

combined with bulge testing for two different window sizes (namely, 500µm and 

1000µm radii), is described. Image sequences of crack opening under controlled 

increasing pressure were obtained. Crack opening evolution was studied by manually 

measuring the width of 5 cracks at each acquired image. Making use of the hyperelastic 

bulge equation informed with the best-fitting material parameters described in Chapter 

5, the crack opening evolution was plotted against the sample strain. Since results were 

shown to be independent on the window size of the bulge test device, in Chapter 7 the 

value provided by the experimental procedure devised in this thesis is discussed making 

use of the following arguments: 

 

Considering (i) the inherent out-of-plane nature of the bulged profile and (ii) the limited 

depth of field of the microscope objective, bigger window dimensions maximize the 

region of the Field of View in sharp focus, when imaging the top of the bulged profile 

during an experiment with in-situ optical microscopy. In this view, a 1000µm window 

should be preferred to a 500µm one. 

On the other hand, as discussed in Chapter 5, the available laser profilometry equipment 

wasn't suitable for window sizes bigger than 500µm. Therefore, the hyperelastic bulge 

equation developed in Chapter 3 provides the opportunity to 

• Perform a mechanical characterization in equi-biaxial strain state (indeed, also 

in plane strain, although it was not explored in terms of experimental activity); 

• Predict the pressure/deflection relation of an arbitrary bulge window size once 

the material parameters are known by previous characterization. The 

requirement of an in-situ profilometry experiment corresponding to a specific 

bulge window size is then relaxed, with significant reduction of man-time 

consumption needed to obtain a description of the crack opening evolution 

against the strain level. 
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Although results were promising, some aspects of the experimental activity devised in 

this thesis can be improved. In Chapter 7, possible future perspectives are discussed, 

namely, 

• The fabrication of the bulge test device making use of manufacturing tools 

featuring higher precision (e.g., 10µm rather than the current 100µm); 

• The development of an automated procedure for the measurement of the crack 

opening at increasing strain. 
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1 Introduction	
 

1.1 Stretchable	electronics	
  
Though the main tendency of study in electronics area is still to achieve faster and 

smaller devices as rigid planar circuits, one cannot neglect the limitation of a stiff 

structure when interfacing with curved or even soft surfaces. Stretchable electronics, 

on the other hand, has been demonstrated as a technology that can negotiate high 

deformability and state-of-the-art electronic performances, thus it is becoming a new 

trend of research. It has significant prospective application, especially in the biomedical 

field, for example, skin-like sensors, flexible health monitors, wearable communication 

devices, and other application that require lightweight, deformable format. [1] 

	

	 	

Fig.	1.1.	Examples	of	
stretchable	electronics.	(A)	
Stretchable	silicon	circuit	in	
a	wavy	geometry,	
compressed	in	its	center	by	a	
glass	capillary	tube	(main)	
and	wavy	logic	gate	built	
with	two	transistors	(top	
right	inset).	(B)	Stretchable	
silicon	circuit	with	a	mesh	
design,	wrapped	onto	a	
model	of	a	fingertip,	shown	
at	low	(left),	moderate	
(center)	and	high	(right)	
magnification.	The	red	(left)	
and	blue	(center)	boxes	
indicate	the	regions	of	
magnified	views	in	the	
center	and	right,	
respectively.	The	image	on	
the	right	was	collected	with	
an	automated	camera	
system	that	combines	
images	at	different	focal	
depths	to	achieve	a	large	
depth	of	field.	[1]	
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The early study of this deformable electrical circuits [11] began with polymer 

transistors formed on bendable plastic sheets around 20 years ago. A lot of profound 

success followed, with contribution of advance printing and patterning techniques, 

devices with hundreds of active components are nearing commercial reality [12,13]. 

The deepened technology involves the development of new electronic materials that 

can flex, such as organic semiconductors or films of carbon nanotubes [14,15], new 

material conductors that can stretch, such as composite elastomer [16,17], or 

deformable circuits made-up of conventional conductors, such as Copper (Cu), Gold 

(Au) and Aluminum (Al), shaped on the basis of structural mechanic arguments so as 

to exhibit an enhanced effective compliance [13]. Two important parameters of the 

structure are well-studied in order to construct a stretchable structure, i.e. thickness and 

geometric configuration. [18] 

 

 

 

Figure 1.2. Scanning electron microscopy (SEM) and optical microscopy images of 
inorganic structures in controlled buckling geometries on elastomeric substrates. a) SEM 
image of an array of silicon nanoribbons in wavy configurations on PDMS. b) SEM image 
of an array of gallium arsenide nanoribbons in buckled shapes where bonding to the 
PDMS substrate occurs only at the positions of the troughs. c) Optical microscopy (left) 
and atomic force microscopy images (right) of a wavy, silicon nanomembrane bonded to a 
PDMS substrate. d) SEM image of a silicon nanomembrane in a buckled, mesh layout on 
PDMS. Bonding is localized to the regions of the square islands. [19]  
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Any material in sufficiently thin form is flexible, by the virtue that bending strains 

decline linearly along with thickness. This principle holds irrespective of the material 

stiffness. For example, a silicon wafer is known as brittle and rigid, but once it is 

fabricated in thin-film configuration with thickness values approaching the sub-micron 

range (e.g., nanoscale ribbons, wires or membranes), it becomes flexible. Kim.D.H et 

al. [10] has successfully achieved only 0.0005% peak strains to radii of curvature of 

1cm, by making silicon as ribbons with thicknesses of 100nm. This peak strain is far 

below the fracture limits of silicon (~1%).  

The mechanical performance can be further improved by constructing such structures 

in stretchable configurations.  Commonly used stretchable configurations are: 

• one dimensional ‘wavy’ ribbon mounted onto an elastomeric substrate 

(Fig.1.2.a) 

• one dimensional buckled ribbon bonded to substrate only at positions of the 

troughs (Fig.1.2.b) 

•  two dimensional ‘wavy’ membrane (Fig.1.2.c) 

•  two dimensional buckled mesh.  (Fig.1.2.d). 

Other strategies, which do not involve out-of-plane motion, are also considered to be 

reasonable to construct stretchable inorganic structures. Coiled-spring is the first to be 

introduced (Fig.1.3.a). It obtains certain degree of stretchability if the coiled spirals are 

uncurled. Another planar strategy is to use leaf-arm springs (Fig.1.3.b). Stretchability 

is realized by pivoting motion mode. S-shaped (i.e., serpentine) structures are also 

exploited (Fig.1.3.c), in which bending at the corners accommodate applied strain.  
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Figure 1.3. a) SEM image of an 
silicon structure etched into the 
shape of a spiral surrounding a 
central hub (left) and optical image 
of expanded, interconnected array of 
such structures (right). b) SEM 
image of silicon island 
interconnected with straight, leaf-
spring type interconnects on an 
elastomeric film before (right) and 
after (right inset) stretching, and 
view of the array after expansion into 
a dome shape by applying pressure 
from the back side. c) Optical images 
of straight and serpentine metal lines 
(low- and high-amplitude structures) 
on an elastomeric substrate. The 
sequence of images on top shows the 
as-fabricated structures. The 
sequence of images on the bottom 
shows the same structures after 
application of tensile strain in the 
direction indicated by the arrows. 
The discolored regions correspond to 
deformations at locations of peak 
strain. [19] 
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1.2 Material	choice	for	stretchable	electronics	
 

Stretchable electronics require integration of microelectronics onto deformable 

substrates. This involves material choice for both the deformable substrate and the 

patterned metal layer on top.  

 

1.2.1 PDMS	as	Substrate	
	

For the sake of deformability, most of the substrate materials chosen by researchers in 

the field of stretchable electronics are polymers. The mostly used ones are: 

Polydimethylsiloxane (PDMS), Polyimide (PI) and Polyethylene terephthalate (PET). 

In this study, PDMS is chosen to be the stretchable substrate. PDMS is a silicone 

elastomer with desirable properties: in chemical and biomedical aspects, PDMS is inert 

and non toxic, stable under wide temperature range, easy to prepare, handle and modify 

[20]. Also, PDMS is compatible with microelectronic clean room equipment after 

proper preparation. These features allow applications under environment as complex as 

inner human body, and feasibility under microfabrication using chemicals. As concerns 

mechanical aspects, provided proper fabrication PDMS shows isotropic and 

homogeneous properties, which are important to accommodate exceeding strain from 

conductive layer on top. Extensive characterization of PDMS as a biocompatible 

material was presented by Mata and co-workers [20]. According to the results, chemical 

immersion does not show major changes in PDMS surface hydrophilicity, which 

indicates compatibility under microfabrication. Sterilization does not affect PDMS 

surface micro-textures, element concentration or hydrophilicity which proves 

feasibility of PDMS in biomedical application. Immersion in tissue culture media 

induced presence of nitrogen and an increase of O/Si ratio, which is likely due to 

ingredients presented on components such as amino acids and proteins. These 

components are rich in N and O, which deposit on the PDMS surface exposure to 

culture media. Additional care may be required in some specific biomedical application.  
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1.2.2 Gold	on	PDMS	
	

Gold is one of the most ductile metal with high electrical conductivity (44.2 S/m), and 

also biocompatible. 

It has been shown that gold films on PDMS membranes can be stretched far beyond 

strain limit of gold film alone (up to 22% [3]), while still remain electrically conducting. 

The reason for the increase performance is that the electrical failure of a thin metal film 

is mainly due to mechanical fracture, and if the film is strongly bonded to a substrate 

compliant enough, the ductile failure is suppressed or delayed due to strain 

delocalization ensured by the polymeric substrate [21]. 

According to the study of stretchability of thin metal films on elastomer substrate [14], 

as a freestanding thin film, gold film rupture at around 1% strain. The value is smaller 

than that of corresponding bulk metals. The reason for this may be the fact that although 

a gold thin film is inherently ductile, the deformation is very localized and the film does 

not harden beyond modest strain. For a freestanding metal film, rupture is induced by 

a single neck. Once a neck is formed, further deformation of the film will take place 

only around this region. The film is thin, thus shows a small thickness-to-length ratio, 

which indicates that elongation at the single neck contributes very little to the overall 

rupture strain. Lacour et al. [21] proved that with larger rupture strains can be achieved 

by bonding the metal film to an elastomer substrate well and firm. They attempted and 

succeeded in obtaining additional stretchability of a few tenths of a percent by inducing 

a surface wave, i.e. random wrinkles, in thin gold film. 

 

 However, reliable deposition of metal upon elastomers is a challenging task. The 

mismatch in thermal expansion coefficient of Au and PDMS makes rise significant 

residual stresses as the system is fabricated in the temperature range of 100°C and 

approaches to room temperature [4]. Moreover, plasma-treatment of the polymer 

surface to enhance subsequent metal/polymer adhesion can cause a significant 

embrittlement of the polymeric material across a few tenths of nanometers depth from 

the surface [5]. The combination of the aforementioned phenomena can trigger the 

onset of undesired cracks, which affect both the metal film and the embrittled layer of 

the polymer substrate at very limited strains, or even in the undeformed state. 

 



1.Introduction	

	

11	

The sample used in this study is Au thin film deposited on PDMS substrate. An 

overview of the sample surface is shown in Fig.1.4. 

 

 

One of our colleague had performed uniaxial stretch with in-situ SEM, and the result 

revealed extensive wrinkling and cracking of the system during stretch. The crack 

evolution of Au thin film on top corresponding to strain history is the main interest in 

this study.	 

 

 

  

MECHANICAL CHARACTERIZATION OF METAL/POLYMER 
INTERCONNECTS FOR STRETCHABLE ELECTRONICS 

Introduction 

Materials and Methods 

Results and Discussions 

Fig.2 Overview of the experimental equipment for in-situ mechanical testing: (a) Lext 
OLS4100 confocal microscope; (b) in-house developed microtensile stage and (c) and its 
detail under the confocal microscope; (d) QUANTA 600 ESEM; (e) Kammrath&Weiss 
microtensile stage mounted in the ESEM chamber. The detail shows a Au/PDMS sample 
clamped between the grips. 

Conclusions and Future Perspectives 

In-situ characterization of Al/PI stretchable interconnects revealed a failure mechanism featured by an interplay between interfacial delamination, metal buckling and 
fracture. Since the extent of failure also depends on the interconnect geometry [3], numerical modeling is a suitable, yet challenging, approach to address the 
optimization of the meandering design in terms of mechanical reliability. To this aim, (i) peel test results will enable the identification of constitutive parameters 
to be plugged into finite element (FE) models of Al/PI interconnects including user-defined cohesize elements, already implemented and tested within this research 
group to reproduce the behavior of the Al/PI interface [3]; (ii) height maps at increasing stretch by in-situ CLSM will provide a quantitative experimental 
reference to validate FE results. Since the ultimate strain of Al/PI interconnects is nevertheless limited to 50-80% by the toughness of PI itslef, the issue of the PDMS 
surface embrittlement will be meanwhile addressed in order to enhance the current reliability of Au/PDMS interconnects and better exploit the inherent deformability 
of an elastomeric substrate: mechanical characterization of PDMS samples subjected to the plasma treatment with different parameters (namely, power, temperature, 
exposure time) will be performed aiming at the identification of the best parameters set in terms of conservation of PDMS native compliance and toughness. 

Emanuele Cattarinuzzi (emanuele.cattarinuzzi@polimi.it) supervised by Prof. Pasquale Vena (pasquale.vena@polimi.it) 
Department of Chemistry, Materials and Chemical engineering Giulio Natta, DCMC, 
Laboratory of Biological Structure mechanics, LaBS, 
Politecnico di Milano, Piazza L. da Vinci, 32, Milano, IT  
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Fig.4 (a) BSE, (b) SE and (c) mixed-channel micrographs at 
increasing magnification of the delamination front of an Al/PI 
peeling sample from the side; (d) top view of the peel front. Dashed 
white lines highlit the macroscopic 90° geometry; (e) local peel 
geometry with related root rotation of the peel arm and (f) further 
detail of the peel front. Dashed orange lines highlight the boundaries 
between the Al film, the PI substrate and the glue. 

Fig.5 (a) reflected intensity and (b) height map of a Au/PDMS sample. The dashed black line 
indicates were the (c) line profile of the wrinkled surface was measured; (d) SE microgrph 
showing extensive cracking on the PDMS surface upon 15% strain; (e) crack across the Au 
film and (f) detail of the compliant PDMS fibrils exposed below the embrittled surface. 

Fig.3 (a) reflected intensity and (b) hieght map of Al/PI undeformed sample; (c) reflected intensity and (d) height map of 
Al/PI  sample at 50% applied strain. Dashed red and blue line indicate, respectively, tension and compression edges as a 
consequense of the in-plane structural distortion. Green dots indicate delamination onset points; (e) reflected intensity 
and (f) height maps of the fractured region. 

90° 
Peel 

Al 
PI 

Al 
PI 

Al PI 

Glue 

Al 
PI 

Fig.1 Overview of stretchable interconnect samples: (a) Al/PI samples stored onto the 
Si wafer support and (b) singled out Al/PI sample. The detail shows the geometric 
parameters defining the meandering shape; (c) Au/PDMS samples with a detail of one 
of the meander geometries; (d) undeformed (top) and stretched (bottom) Au/PDMS 
sample. 

A stretchable metal interconnect is a key ingredient to ensure electrical continuity in a matrix of rigid sensors spread onto a deformable substrate: distributed sensing over 
complex and moving surfaces is the core innovation related to stretchable electronics, opening new perspectives in application fields like energy harvesting and healthcare 
technology [1]. Most frequently, deformable electrical interconnects consist in thin metal films deposited on polymeric substrates and patterned in a meandering fashion: as a 
consequence, large strains can be accomodated by in-plane and out-plane distortions of the serpentine structure [2], while the underlying compliant substrate prevents strain 
localization and related ductile metal failure [1]. Nevertheless, in the event of delamination at the metal/polymer interface, the metal film becomes locally free-standing and 
failure is observed well below the ultimate strain expected for a perfectly bonded interconnect [1]. Functional reliability of stretchable interconnects, then, dramaticaly relies on the 
mechanics at the characteristic length scale of the meander (~100µm) and the metal film (~100nm). In order to gain insights on the local mechanics and the interfacial 
behaviour of stretchable interconnects, a combination of mechanical testing and in-situ electron- and laser-scanning microscopy is described. Experimental results 
summarized in this poster (i) provide qualitative and quantitative data on the mechanical reliability of Aluminum/Polyimide (Al/PI) and Gold/Polydimethylsiloxane 
(Au/PDMS) meandering interconnects and (ii) illustrate the mechanical implications related to O2-plasma treatment meant for the enhancement of metal/polymer adhesion. 

90° 
Peel 

Stretchable interconnect samples were fabricated by the Microsystems Technology unit (MST, Fondazione Bruno Kessler, Trento, IT). Two different metal/polymer systems 
were explored: 1µm-thick Aluminum (Al) film sputtered onto 10µm-thick spin coated Polyimide (PI) (Fig. 1.a,b) and 100nm-thick Gold (Au) film evaporated onto 100µm-
thick spin coated Polydimethylsiloxane (PDMS) (Fig. 1.c,d). In both cases, the polymeric surface was activated by O2-plasma treatment at 80°C and 200W (exposure time: 
PI, 80s; PDMS, 15s) right before metal deposition, in order to enhance the metal/polymer adhesion. The meandering pattern was defined by lift-off for the Al/PI samples and 
wet-etching for Au/PDMS. Different shapes were obtained varying the width (W=[10-50µm]), the inner radius (R=[10-40] µm) and the amplitude  (A=[60-270] µm) of the metal 
track, so as to investigate the influence of the serpentine shape on the local mechanics [3]. The overall in-plane dimensions of each sample are in the range of 2x15mm. 
Two different in-situ mechanical characterization techniques were explored: (i) at the Laboratory of Biological Structure Mechanics (LaBS, Politecnico di Milano, Milano, 
IT), the local deformation behavior of Al/PI interconnects was investigated, along with related delamination-driven failure. In-situ confocal laser scanning microscopy (CLSM) 
of Al/PI interconnects upon uniaxial stretch was performed combining a Lext OLS4100 confocal microscope (Fig. 2.a, Olympus, JP) and an in-house developed miniaturized 
tensile stage (Fig. 2.b,c, 50nm displacement resolution, 1mN force resolution). Specifically, overall strain increments of 5% were applied at 10µm/s displacement rate. Height 
maps of a meandering unit were acquired during a resting phase in between each strain increment; (ii) in order to estimate the energy involved in the delamination process and 
thus the interfacial toughness of Al/PI samples, 90° peel tests were performed at the Multi-scale Laboratory (Technical University of Eindhoven, TU/e, Eindhoven, NL). To this 
aim, fully coated Al/PI samples were glued on the Al side to a rigid support, while one end of the PI layer was pulled by a complementary grip and served as a peel arm. Peel tests 
at 10µm/s displacement rate were performed by means of a commercial microtensile stage (Fig. 2.e) Kammrath&Weiss, DE) inside a QUANTA 600 ESEM (Fig. 2.d, FEI, US), 
enabling the acquisition of scanning electron micrographs of the delamination front at low vacuum (50Pa). In-situ observations were performed both from a side and a top 
view by changing the orientation of the sample with respect to the detectors. The aforementioned equipment was further used to investigate the local mechanics of Au/PDMS 
interconnects upon uniaxial stretch: scanning electron micrographs were acquired in each 5% strain increments applied at 50µm/s displacement rate. 

Al/PI – uniaxial stretch with in-situ CLSM: most of the tested geometries exhibited, at different extents, an interplay between delamination, buckling and fracture, as Figure 3 
shows for a specific meander shape (W=50µm; R=40µm; A=180µm). Comparing the undeformed sample configuration (Fig. 3.a,b) with that at 50% applied strain (Fig. 3.c,d), 
in-plane structural distortions are clearly visible. The latter result in a periodic bending pattern along the interconnect, which implies compression at the outer edge of each 
meander and tension at the inner one (Fig 3.c, dashed lines). The heterogeneous strain field related to the bending pattern competes with the homogeneous uniaxial strain 
experienced by the polymer substrate: as a result, shear stresses are transferred across the interface. When the aforementioned kinematics mismatch causes shear stresses to 
overcome the interfacial strength, delamination steps in. For this specific sample, this happened at ~15% applied strain exactly at the transition between adjacent meanders, 
where an edge experiencing compression switches to tension and viceversa (Fig 3.c, green dots). Further strain increments cause the delamination front to propagate. Along the 
compressed edges, this results in out-plane buckling (15-20µm, Fig. 3.d) of the metal film. On the edges under tension, metal fracture is observed (Fig. 3.e), which is likely 
triggered by strain localization in the metal film made free-standing by delamination: indeed, the crack separates a bonded region from a delaminated, lifted region, as it can 
be clearly observed in Figure 3.f. 
Al/PI – 90° peel with in-situ SEM: the side view of the peel front imaged at increasing magnification (Fig. 4, left panel) revealed a sharp delamination front down to the 
characteristic scale of the meander width (tens of µm), suggesting the results to be representative of the interconnect behavior despite the actual width of the sample (wp=700µm). 
In these conditions, a peel force (Fp) of 60mN was measured, corresponding to an energy dissipation of 90J/m2 (Ud=Fp/wp), which sets an upper bound for the desired interfacial 
toughness [4]. Since stretchable interconnects featuring mechanical interlocking at the interface are reported to be up to 40 times tougher [5], results suggest that the adhesion 
enhancement by means of plasma activation alone is too poor for Al/PI interconnects to be a competitive solution. 
Au/PDMS – uniaxial stretch with in-situ SEM: preliminary topographies of Au/PDMS samples (Fig. 5.b) revealed extensive wrinkling on the surface, with amplitude higher than 
500nm (Fig. 5.c). According to the literature [6], these compression instabilities arise upon cooling down to room temperature from plasma activation and metal deposition 
temperatures (~90°C): this is due to a mismatch in terms of the thermal expansion coefficient of the bulk PDMS, not only with respect to the metal layer, but also as compared to 
its surface exposed to the plasma. In contrast to the Al/PI samples, the 100nm thick Au film literally sinks in the surface pattern (compare Fig. 3.a,b with Fig. 5.a,b), which implies 
a complitely different local mechanics. Benefits related to the wrinkling pattern were expected both in terms of enhanced stretchability (being the surface pre-compressed) and 
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adhesion (since wrinkling inherently enhances the interlocking). Conversely, in-
situ SE micrographs upon stretch revealed extensive cracking of the PDMS 
surface at moderate applied strains (15%, Fig. 5.d) which involved the metal track 
causing functional failure (Fig. 5.e,f). The observed embrittlement was attributed 
to the harshness of the O2-plasma treatment, which can cause the PDMS 
surface to turn into a porous silica [6]. Investigation of the influence of the plasma 
treatment parameters  on the PDMS embrittlement is currently ongoing. 
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Figure 1.4.  Au/PDMS samples with a detail of one of the meander geometries(right); 
Undeformed (right top) and stretched (right bottom) Au/PDMS sample. 

Figure 1.5. a) reflected intensity and (b) height map of a Au/PDMS sample. The dashed 
black line indicates were the (c) line profile of the wrinkled surface was measured; (d) SE 
microgrph showing extensive cracking on the PDMS surface upon 15% strain; (e) crack 
across the Au film and (f) detail of the compliant PDMS fibrils exposed below the embrittled 
surface. 
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Fig.2 Overview of the experimental equipment for in-situ mechanical testing: (a) Lext 
OLS4100 confocal microscope; (b) in-house developed microtensile stage and (c) and its 
detail under the confocal microscope; (d) QUANTA 600 ESEM; (e) Kammrath&Weiss 
microtensile stage mounted in the ESEM chamber. The detail shows a Au/PDMS sample 
clamped between the grips. 

Conclusions and Future Perspectives 

In-situ characterization of Al/PI stretchable interconnects revealed a failure mechanism featured by an interplay between interfacial delamination, metal buckling and 
fracture. Since the extent of failure also depends on the interconnect geometry [3], numerical modeling is a suitable, yet challenging, approach to address the 
optimization of the meandering design in terms of mechanical reliability. To this aim, (i) peel test results will enable the identification of constitutive parameters 
to be plugged into finite element (FE) models of Al/PI interconnects including user-defined cohesize elements, already implemented and tested within this research 
group to reproduce the behavior of the Al/PI interface [3]; (ii) height maps at increasing stretch by in-situ CLSM will provide a quantitative experimental 
reference to validate FE results. Since the ultimate strain of Al/PI interconnects is nevertheless limited to 50-80% by the toughness of PI itslef, the issue of the PDMS 
surface embrittlement will be meanwhile addressed in order to enhance the current reliability of Au/PDMS interconnects and better exploit the inherent deformability 
of an elastomeric substrate: mechanical characterization of PDMS samples subjected to the plasma treatment with different parameters (namely, power, temperature, 
exposure time) will be performed aiming at the identification of the best parameters set in terms of conservation of PDMS native compliance and toughness. 
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Fig.4 (a) BSE, (b) SE and (c) mixed-channel micrographs at 
increasing magnification of the delamination front of an Al/PI 
peeling sample from the side; (d) top view of the peel front. Dashed 
white lines highlit the macroscopic 90° geometry; (e) local peel 
geometry with related root rotation of the peel arm and (f) further 
detail of the peel front. Dashed orange lines highlight the boundaries 
between the Al film, the PI substrate and the glue. 

Fig.5 (a) reflected intensity and (b) height map of a Au/PDMS sample. The dashed black line 
indicates were the (c) line profile of the wrinkled surface was measured; (d) SE microgrph 
showing extensive cracking on the PDMS surface upon 15% strain; (e) crack across the Au 
film and (f) detail of the compliant PDMS fibrils exposed below the embrittled surface. 

Fig.3 (a) reflected intensity and (b) hieght map of Al/PI undeformed sample; (c) reflected intensity and (d) height map of 
Al/PI  sample at 50% applied strain. Dashed red and blue line indicate, respectively, tension and compression edges as a 
consequense of the in-plane structural distortion. Green dots indicate delamination onset points; (e) reflected intensity 
and (f) height maps of the fractured region. 
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Fig.1 Overview of stretchable interconnect samples: (a) Al/PI samples stored onto the 
Si wafer support and (b) singled out Al/PI sample. The detail shows the geometric 
parameters defining the meandering shape; (c) Au/PDMS samples with a detail of one 
of the meander geometries; (d) undeformed (top) and stretched (bottom) Au/PDMS 
sample. 

A stretchable metal interconnect is a key ingredient to ensure electrical continuity in a matrix of rigid sensors spread onto a deformable substrate: distributed sensing over 
complex and moving surfaces is the core innovation related to stretchable electronics, opening new perspectives in application fields like energy harvesting and healthcare 
technology [1]. Most frequently, deformable electrical interconnects consist in thin metal films deposited on polymeric substrates and patterned in a meandering fashion: as a 
consequence, large strains can be accomodated by in-plane and out-plane distortions of the serpentine structure [2], while the underlying compliant substrate prevents strain 
localization and related ductile metal failure [1]. Nevertheless, in the event of delamination at the metal/polymer interface, the metal film becomes locally free-standing and 
failure is observed well below the ultimate strain expected for a perfectly bonded interconnect [1]. Functional reliability of stretchable interconnects, then, dramaticaly relies on the 
mechanics at the characteristic length scale of the meander (~100µm) and the metal film (~100nm). In order to gain insights on the local mechanics and the interfacial 
behaviour of stretchable interconnects, a combination of mechanical testing and in-situ electron- and laser-scanning microscopy is described. Experimental results 
summarized in this poster (i) provide qualitative and quantitative data on the mechanical reliability of Aluminum/Polyimide (Al/PI) and Gold/Polydimethylsiloxane 
(Au/PDMS) meandering interconnects and (ii) illustrate the mechanical implications related to O2-plasma treatment meant for the enhancement of metal/polymer adhesion. 

90° 
Peel 

Stretchable interconnect samples were fabricated by the Microsystems Technology unit (MST, Fondazione Bruno Kessler, Trento, IT). Two different metal/polymer systems 
were explored: 1µm-thick Aluminum (Al) film sputtered onto 10µm-thick spin coated Polyimide (PI) (Fig. 1.a,b) and 100nm-thick Gold (Au) film evaporated onto 100µm-
thick spin coated Polydimethylsiloxane (PDMS) (Fig. 1.c,d). In both cases, the polymeric surface was activated by O2-plasma treatment at 80°C and 200W (exposure time: 
PI, 80s; PDMS, 15s) right before metal deposition, in order to enhance the metal/polymer adhesion. The meandering pattern was defined by lift-off for the Al/PI samples and 
wet-etching for Au/PDMS. Different shapes were obtained varying the width (W=[10-50µm]), the inner radius (R=[10-40] µm) and the amplitude  (A=[60-270] µm) of the metal 
track, so as to investigate the influence of the serpentine shape on the local mechanics [3]. The overall in-plane dimensions of each sample are in the range of 2x15mm. 
Two different in-situ mechanical characterization techniques were explored: (i) at the Laboratory of Biological Structure Mechanics (LaBS, Politecnico di Milano, Milano, 
IT), the local deformation behavior of Al/PI interconnects was investigated, along with related delamination-driven failure. In-situ confocal laser scanning microscopy (CLSM) 
of Al/PI interconnects upon uniaxial stretch was performed combining a Lext OLS4100 confocal microscope (Fig. 2.a, Olympus, JP) and an in-house developed miniaturized 
tensile stage (Fig. 2.b,c, 50nm displacement resolution, 1mN force resolution). Specifically, overall strain increments of 5% were applied at 10µm/s displacement rate. Height 
maps of a meandering unit were acquired during a resting phase in between each strain increment; (ii) in order to estimate the energy involved in the delamination process and 
thus the interfacial toughness of Al/PI samples, 90° peel tests were performed at the Multi-scale Laboratory (Technical University of Eindhoven, TU/e, Eindhoven, NL). To this 
aim, fully coated Al/PI samples were glued on the Al side to a rigid support, while one end of the PI layer was pulled by a complementary grip and served as a peel arm. Peel tests 
at 10µm/s displacement rate were performed by means of a commercial microtensile stage (Fig. 2.e) Kammrath&Weiss, DE) inside a QUANTA 600 ESEM (Fig. 2.d, FEI, US), 
enabling the acquisition of scanning electron micrographs of the delamination front at low vacuum (50Pa). In-situ observations were performed both from a side and a top 
view by changing the orientation of the sample with respect to the detectors. The aforementioned equipment was further used to investigate the local mechanics of Au/PDMS 
interconnects upon uniaxial stretch: scanning electron micrographs were acquired in each 5% strain increments applied at 50µm/s displacement rate. 

Al/PI – uniaxial stretch with in-situ CLSM: most of the tested geometries exhibited, at different extents, an interplay between delamination, buckling and fracture, as Figure 3 
shows for a specific meander shape (W=50µm; R=40µm; A=180µm). Comparing the undeformed sample configuration (Fig. 3.a,b) with that at 50% applied strain (Fig. 3.c,d), 
in-plane structural distortions are clearly visible. The latter result in a periodic bending pattern along the interconnect, which implies compression at the outer edge of each 
meander and tension at the inner one (Fig 3.c, dashed lines). The heterogeneous strain field related to the bending pattern competes with the homogeneous uniaxial strain 
experienced by the polymer substrate: as a result, shear stresses are transferred across the interface. When the aforementioned kinematics mismatch causes shear stresses to 
overcome the interfacial strength, delamination steps in. For this specific sample, this happened at ~15% applied strain exactly at the transition between adjacent meanders, 
where an edge experiencing compression switches to tension and viceversa (Fig 3.c, green dots). Further strain increments cause the delamination front to propagate. Along the 
compressed edges, this results in out-plane buckling (15-20µm, Fig. 3.d) of the metal film. On the edges under tension, metal fracture is observed (Fig. 3.e), which is likely 
triggered by strain localization in the metal film made free-standing by delamination: indeed, the crack separates a bonded region from a delaminated, lifted region, as it can 
be clearly observed in Figure 3.f. 
Al/PI – 90° peel with in-situ SEM: the side view of the peel front imaged at increasing magnification (Fig. 4, left panel) revealed a sharp delamination front down to the 
characteristic scale of the meander width (tens of µm), suggesting the results to be representative of the interconnect behavior despite the actual width of the sample (wp=700µm). 
In these conditions, a peel force (Fp) of 60mN was measured, corresponding to an energy dissipation of 90J/m2 (Ud=Fp/wp), which sets an upper bound for the desired interfacial 
toughness [4]. Since stretchable interconnects featuring mechanical interlocking at the interface are reported to be up to 40 times tougher [5], results suggest that the adhesion 
enhancement by means of plasma activation alone is too poor for Al/PI interconnects to be a competitive solution. 
Au/PDMS – uniaxial stretch with in-situ SEM: preliminary topographies of Au/PDMS samples (Fig. 5.b) revealed extensive wrinkling on the surface, with amplitude higher than 
500nm (Fig. 5.c). According to the literature [6], these compression instabilities arise upon cooling down to room temperature from plasma activation and metal deposition 
temperatures (~90°C): this is due to a mismatch in terms of the thermal expansion coefficient of the bulk PDMS, not only with respect to the metal layer, but also as compared to 
its surface exposed to the plasma. In contrast to the Al/PI samples, the 100nm thick Au film literally sinks in the surface pattern (compare Fig. 3.a,b with Fig. 5.a,b), which implies 
a complitely different local mechanics. Benefits related to the wrinkling pattern were expected both in terms of enhanced stretchability (being the surface pre-compressed) and 
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adhesion (since wrinkling inherently enhances the interlocking). Conversely, in-
situ SE micrographs upon stretch revealed extensive cracking of the PDMS 
surface at moderate applied strains (15%, Fig. 5.d) which involved the metal track 
causing functional failure (Fig. 5.e,f). The observed embrittlement was attributed 
to the harshness of the O2-plasma treatment, which can cause the PDMS 
surface to turn into a porous silica [6]. Investigation of the influence of the plasma 
treatment parameters  on the PDMS embrittlement is currently ongoing. 
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1.3 Testing	methods	for	thin	film	properties	
	
There exist several other testing methods to obtain thin film properties. Uniaxial micro-

tensile tests, nanoindentation and bulge testing are among the most popular examples. 

Bulge testing is the experimental technique pursued in this work and its principles are 

thoroughly described in Chapter 2. For the sake of completeness and comparison with 

the technique, in continue the uniaxial micro-tensile and nanoindentation techniques 

will also be briefly described.  

 
1.3.1 Uniaxial	micro	tensile	test		
	
Uniaxial tensile test can measure strain directly on the specimen with suitable 

extensometers. But for thin films with refined thickness, this technique requires special 

techniques and procedures for sample preparation, handling and loading. Comparing to 

the traditional uniaxial tensile test at the marco scale, the alignment and gripping system 

should be carefully devised, due to the fact that even limited drift from the nominal 

performance will induce large deviation in the micro scale experiment. 

 

Two different kind of set up will be introduced in this section, both of which are mostly 

referred to by researchers in the field of thin films mechanics. The first one of was built 

up by Sharpe et al. [22], the second was by Ogawa et al. [23]. 

 

Sharpe et al. [15]: In this system, strain is measured with an interferometric 

strain/displacement gage (ISDG). Precise load measurement is enabled by an air 

bearing system to avoid friction and a periodically calibration is done to loading system. 

Both strain and load are measured and recorded to a computer on a real-time basis. 

The ISDG is an optical technique to measure strain or displacement between two 

reflective gage markers on the specimen. Two-slit interference by Young served as 

optical principle of ISDG, but reflection is detected instead of transmission. 

A pair of gold pads or lines are deposited on the specimen as marker to generate 

interference fringe from their slightly inclined edges. 
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When both markers are illuminated with laser, a diffracted reflection interfere with each 

other, so the fringes are formed.  While markers move relative to each other, the fringe 

patterns change and the motion can be detected so as to obtain relative displacement 

due to strain. Rigid-body motion will also cause the fringes to move, so it is necessary 

to average the movement of the two fringe patterns. The equation to obtain strain from 

fringe motion is: 

 

𝜀 =
𝜆
2𝑑&

Δ𝑚)

sin 𝛼)
+
Δ𝑚/

sin 𝛼/
…… (𝐸𝑞. 1.1) 

 

Here Δ𝑚)  and Δ𝑚/  are the relative fringe shifts of patterns, 𝑑&  is the intial gage 

length between the indentations, 𝜆 is the wavelength of the laser, and 𝛼),		𝛼/ are the 

angles between the incident laser beam and fringe patterns. 
The fringe patterns can be converted into electrical signals by means of photodiodes.  

 

 

Figure 1.6.  Schematics of the ISDG [22] 
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Specimens used in this uniaxial micro tensile test is polysilicon and should be 

manufactured and handled ad-hoc. Fig 1.7. shows the specimen schematic. Noted that 

support strip is defined at top and bottom, and a rectangular area in the center is etched 

away so to free the specimen between two grip ends. 

 

  

Fig 1.8 shows a possible release handling of specimen process. 

 

 

194 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 6, NO. 3, SEPTEMBER 1997

Fig. 1. Schematic of the ISDG.

is the wavelength of the laser, and is the angle between
the incident laser beam and fringe patterns.
When the fringes have moved one unit, i.e., each fringe

moves into the location previously occupied by its nearest
neighbor, a relative displacement of “one” has occurred.
Using typical values of m and ,
this corresponds to a relative displacement between the two
markers of approximately 1 m. If the initial spacing, ,
between the markers is 300 m, then a strain of 0.003 has
occurred. Better resolution is needed.
The fringe patterns are converted to electrical signals

with linear diode arrays—one for each pattern. The arrays
have 512 diodes—each with an aperture of 13 m by 2.5
mm—packaged in a 16-pin chip; the total size of the array
is 2.5 by 12.6 mm. The arrays are inserted in circuit boards
containing amplifying circuitry and mounted in plastic mini
boxes attached to translation stages, which are mounted on
adjustable rods. This provides the two degrees-of-freedom
necessary to position the diode array in the center of the
fringe pattern. Each array is accessed by a motherboard,
which samples each diode in turn and provides an output
signal from 0 to 5 V.
In a typical setup, the spacing between maximum (or

minimum) intensity is approximately 50 diodes on the array. If
one identifies local peaks by simply taking the largest value,
then the smallest resolvable fringe movement is 1/50. Since
the two fringe patterns are averaged, the minimum strain
resolution occurs when one pattern moves one diode spacing.
Recall that the relative displacement for both fringes moving
from one peak to the next is approximately 1 m. The strain
resolution is therefore approximately
microstrain if a 300- m gage length is used. In practice, this
resolution is increased by a factor of 100 by fitting a parabola
to twenty data points surrounding a minimum and interpolating
between the diode locations. A resolution of 0.33 microstrain is
not really meaningful: electrical noise, mechanical vibrations,
and other disturbances combine to an estimated resolution of
approximately 5 microstrain.
The ISDG, as used for these tests, has a relative uncertainty

of 3%. (The original gage length can be measured to 0.5%
and the relative uncertainty in locating minimums is about
1%. The angle measurement contributes about 1.5% to

the uncertainty.) The maximum sampling rate with real-time

Fig. 2. Polysilicon specimen schematic.

calculations is 13 data points per second. Applications of
the ISDG over the past 25 years include measurements of
biaxial strains at notch roots (three markers are placed in
an orthogonal pattern), crack-opening displacements of small
cracks, dynamic strains and crack openings, creep strains, and
strains/displacements at high temperatures.

III. SPECIMEN PREPARATION AND HANDLING
The specimens are manufactured at the Microelectron-

ics Center of North Carolina (MCNC) as part of their
ARPA-sponsored Multiusers MEMS Processes (MUMP’s)
micromachining process. The material tested in this paper
is phosphorus-doped low-pressure chemical-vapor deposition
(LPCVD) polysilicon: it is representative of the material
commonly used to form structural elements for surface-
micromachined MEMS devices.
Specimen handling is a major problem in thin-film testing.

To solve this, a pattern of polysilicon is deposited onto a 1-
cm-square die as shown in Fig. 2. The tensile specimen is
horizontal in the middle and is 0.6 mm wide and 3.5 m thick
at its minimum width. A support strip is defined at the top and
bottom of the pattern. A rectangular area in the center of the
die is etched away from the back to leave the tensile specimen
free between the grip ends, which remain attached to the die.
The two support strips hold the grip ends together so that the
specimen can be moved to the test machine without damage:
the support strips are cut before testing.
The tensile specimen is released by using an anisotropic

bulk micromachining process at the Applied Physics Labora-
tory of Johns Hopkins University. Fig. 3 shows the steps in
the back-release process as viewed in Section A-A. Release of
the specimen begins by mounting the silicon die on a ceramic
carrier using an adhesive wax between the front of the die and
carrier. This is done to protect the polysilicon specimen during
the release process and to facilitate handling. After removing
the polysilicon and oxide layers from the back of the die with
a solution of 5HNO 3HF 3CH COOH, the silicon nitride
layer is patterned photolithographically. Reactive ion etching
(RIE) in CF O is used to open a rectangular window in the

Figure 1.7.  Schematics of a manufactured specimen [22] 
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(a)

(b)
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Fig. 3. The steps to release the tensile specimen as viewed in Section A-A of Fig. 2.

nitride directly beneath the tensile portion of the specimen.
With the bulk silicon exposed, the specimen is immersed
in a 6.25-M solution of NaOH at 65 C to remove the
substrate material from the opening. The anisotropic etchant
preferentially attacks the silicon (100) crystal planes that are
parallel to the surface of the die without significant lateral
etching. The silicon nitride remaining on the back of the die
serves as the etch mask, while the nitride on the front of the die
between the substrate and the polysilicon specimen provides
an etch stop. Once the bulk silicon has been removed from
the opening, the nitride layer on the front of the die beneath
the specimen is removed by RIE. The oxide layer directly
beneath the specimen is then removed in concentrated (49%)
hydrofluoric acid (HF). Finally, the specimen is immersed in
an organic solvent to dissolve the wax and free the die from
the temporary carrier.
Fig. 4 is a scanning electron microscope (SEM) photograph

showing the released specimen from an oblique view: one
can see the silicon wafer in the foreground and the polysilicon
layer on top. The tensile specimen is stretched across the center
of the photograph between the two grips.
The test section of a specimen is nominally 600 m wide

and 3.5 m thick. There is negligible uncertainty in deter-
mining the width of a specimen, but a valid measurement of
the thickness is more difficult. MCNC provides data on the
thickness of each layer in a MUMP’s production run, and the
total thickness of the two polysilicon layers that make up the

Fig. 4. SEM photo after the substrate is etched away. The tensile specimen
is in the middle of the picture.

tensile specimens is the nominal 3.5 m. Their measurements
are made with a Leitz MPV SP spectrophotometer on samples
from a given production run. The coefficient of variation
(standard deviation/mean) of these thickness measurements
can be as high as 3.5%. Single specimens from three dif-
ferent MUMP’s runs have been examined after testing in an
SEM calibrated to a NIST standard line set. The measured
thicknesses of these specimens fell within the range of the
MCNC values. The thickness data supplied by MCNC has
therefore been used in calculating the cross-sectional areas of
the specimens tested here. The estimated relative uncertainty
in the area calculation is 4%.

Figure 1.8.  Steps to release the tensile specimen viewed in section A-A[22] 
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A ceramic carrier is mounted on the die using adhesive wax, which aims to protect the 

polysilicon specimen. 

A schematic of the measurement system is given in Figure 1.9. The grip is fixed on one 

side and attached to a linear air bearing on the other. The linear air bearing, which is 

used to minimize the friction in loading system so as to gain accurate load measurement, 

connects to a load cell. Displacement or load is applied by the piezoelectric actuator 

which follows commands from computer, thus load is recorded simultaneously. The 

fringe motions are converted into strain. Combining two, the load/strain curve is 

obtained. 

 

 

 

1) Ogawa et al. [23]: 

The uniaxial tensile test set up by Ogawa et al. differs from the one presented by Sharpe 

et al. only with reference to the strain measurement technique. Following the similar 

procedure, marked specimens with identical shape are obtained.  

 

The strain was determined by measuring the relative displacement of the marks, but 

instead of using laser interferometer, a double-filed-of-view microscope is used, 

combining with two Charge Coupled Device (CCD) cameras and image synthesizer 
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Fig. 5. SEM photo of two gold lines on a polysilicon specimen.

Fig. 6. Schematic of the measurement system.

Fig. 5 shows the two gold lines that are the reflective
markers for the ISDG. These lines are applied by vapor
deposition during the manufacturing process and are 0.5 m
high, 20 m wide, 200 m long, and 300 m apart.

IV. TEST SYSTEM AND PROCEDURES
Fig. 6 is a schematic of the measurement system—absent

the microcomputer, which controls the test and records the
data. One of the grips in the test machine is fixed, and the other
is attached to a linear air bearing whose slide connects to a load
cell mounted on a piezoelectric actuator. As the displacement
or load is applied by the piezoelectric actuator under computer
control, the fringe motions are converted into strain, and the
load is recorded with the load cell simultaneously. The load-
strain curve is also monitored with an – plotter.
After the tensile portion of the specimen is finally released

from the silicon substrate, the silicon die is placed in the two
grips of the test machine and glued in place. The two support
strips are then cut with a small rotary diamond saw to free the
tensile specimen as shown in Fig. 7. These cuts are made very
slowly so as to not induce vibrations of the specimen. Very fine
particles of silicon are generated and land on the specimen, but
they do not interfere with the optical measurements.
An air bearing is used in the test machine to eliminate

the friction in the loading mechanism and to obtain accu-
rate measurements of load on the specimen. The linear air
bearing has a clearance of 19 m per side and works with
0.5-MPa compressed air. The load cell measures 0–4.5 N

Fig. 7. A specimen glued in the test machine. The support frame has been
cut.

with a resolution of 0.005 N: the relative uncertainty of the
load measurement is estimated to be 1% The piezoelectric
actuator has a range of 180 m with a minimum increment of
0.09 m, which results in the minimum increments of 0.002%
in strain and 0.004 GPa in stress for the polysilicon specimens.
A 10-mW He–Ne laser is used to form the interference fringes.
A tension–tension fatigue test can be conducted for such

thin specimens by modifying the computer program to apply
a cyclic load. It is also easy to measure the Poisson’s ratio
by depositing another pair of gold lines in the lateral direction
so that biaxial strains can be measured. The procedures for
biaxial strain recording using three indentations are fully
developed [10], and the thin-film specimens with four gold
lines are being tested. Fracture toughness of thin polysilicon
films can also be measured with the ISDG and techniques
developed for tension testing. Wider tensile specimens of
polysilicon with a thin slit in the middle are being prepared:
they have the appearance of a classic center-cracked panel.
Two gold lines will be placed astride the crack to permit
opening displacement measurements. One can then record the
load crack-opening displacement (COD) curve and determine
the fracture properties of this thin-film material. All the other
procedures will be the same as in the tensile tests.

V. RESULTS AND DISCUSSION
The results of 29 specimens taken from three different

MUMP’s runs are presented in this paper. Fig. 8 is a typical
stress-strain curve: the polysilicon demonstrated brittle fracture
in all of the 29 tests. The Young’s modulus is obtained by

Figure 1.9.  Schematic of the measurement system [22] 
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and an image processor. This means that the strain is measured by processing the 

images.   

 

 

To mount the specimen on the machine and grip it, Ogawa and co-workers designed a 

different mechanism. The specimen is mounted on the movable grip and clamped with 

a screw and a plate, then it is better fixed by a micrometer. 

 

  

Double-field-of-view microscope 
\ 

Specimen 
\ , w n s e g  , 

Dividing mirror 
Gauge marks 

Mirror 
Half mirror 

Fields of view 
Optical fiber 

Thin plates Objective 

Specimen Gripping device 
/ 

Stage Movable grip 

Fig. A Tensile machine. 

@) Part of the back side of the silicon nitride thin film 
was patterned by photolithography, and then was 
removed by reactive ion etching (WE). In the next step, 
the silicon substrate from which the silicon nitride thin 
film had been removed was etched by a KOH solution 
from the back side. During this process, the silicon 
nitride thin films on both sides acted as etching 
stoppers. The front side was prevented from being 
etched by sealing the silicon wafer with an 0 ring. 

(c)The silicon nitride thin films were removed from the 
back side by RIE During this process, the polyimide 
film acted as an etching stopper. In the final step, the 
polyimide film was removed by oxygen plasma ashing. 

EXPERIMENTAL 

Tensile machine 

Figure 4 shows an outline of the tensile machine. 
Specimens were attached to a movable grip and to a 
fixing side - gripping device. A parallel spring was 
made of four thin plates to serve as the straight guide 
mechanism for the movable grip. The movable grip and 
the straight guide mechanism were lifted over the 
surface plate of the tensile machine so that they were 
not affected by friction which would otherwise seriously 

impair the accuracy of the tensile tests. Load was 
applied by pulling (using a precision translation stage 
driven by a d.c. motor) one end of a steel belt, the other 
end of which was connected to the movable grip. A 
load cell with a capacity of 0.49 N was used to measure 
the load, which was the sum of the loads applied to the 
specimen and the parallel spring. The load applied to 
the specimen was calculated by subtracting from the 
measured load the load applied to the parallel spring 
calculated from the characteristics of the parallel spring 
measured in advance. 

Elongation measuring device 

The elongation was determined by measuring the 
relative displacement of the two gauge marks on the 
specimen. The measuring device consisted of a double- 
field-of-view microscope (magnification: E), two CCD 
cameras (213 inches with 410 thousand pixels), an image 
synthesizer, and an image processor. The double-field- 
of-view microscope divides the observed image by one 
objective into two with a dividing mirror and enlarges 
each image separately. This allowed us to enlarge and 
observe only the areas around the two marks in a 
specimen, so the microscope could continuously 
measure the elongation with a high resolution. Figure 5 
shows a micrograph of two gauge marks observed by the 
double-field-of-view microscope. The relative displace- 

432 

ment of the two marks in the single field of view could 
be measured. However, the resolution of this method is 
insufficient because the elongation is far smaller than 
the gauge length. To assess the accuracy of this 
elongation measuring device, the displacements 
measured by it were compared with the displacements 
measured by a triangulation laser displacement sensor 
(repeatability: k0.5 y m). The displacements measured 
by the two methods agreed very well, and it was verified 
that the measuring device has a measuring accuracy of 1 
,U m or better [4]. 

Fig. 5. Gauge marks observed by the double-field-of- 
view microscope. 

Fl 
Scr 

Plate 

\ Q 
Specimen 

Micrometer 

Movabley, ,*a, , \ \ 
nB Fingers 

Fig. 6. Method of mounting the specimen. 

Method of mounting the specimen 

Fibwre 6 shows the simple method of mounting a 

specimen on the tensile machine. In the first step, the 
silicon frame of the specimen was mounted on the 
movable grip by clamping it with a screw and a plate. In 
the next step, the specimen was set by holding the test 
thin film between two fingers on the fixing side - 
gripping device using a micrometer. In the final step, 
the four thin film beams connecting the test thin film to 
the silicon frame were cut off with a needle. 

RESULTS AND DISCUSSION 

By using specimens protected with silicon frames and a 
novel tensile machine, tensile tests of thin films were 
easily conducted. Furthermore, by holding a thin film 
specimen with a gripping device using a micrometer, it 
was easy to mount the specimen on the tensile machine. 
Tensile tests were conducted at room temperature in the 
atmosphere at a loading speed of 0.8 y m  per second. 
The stress-strain diagrams of titanium thin films were 
measured continuously from elastic deformation to 
fracture. 

Figure 7 shows a micrograph of a fractured titanium 
specimen. The photograph indicates fracture of the 
titanium thin films was due to brittlenesswith almost no 
plastic deformation. Figure 8 shows a measured stress- 
strain diagram of a titanium thin film, indicating that the 
material has a low ductility. Measured stress-strain 
diagrams correspond with the fact that the titanium 
specimens broke due to brittleness with almost no 
plastic deformation in Figure 7. 

Brittle fracture 

Fig. 7. Photograph of a fractured Ti thin film specimen. 
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Figure 1.11.  Schematic of the specimen mounting [23] 

 

Figure 1.10.  Schematic of the tensile test machine set up [23] 
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1.3.2 Nanoindentation	[24]	[25]	
	
Nanoindentation is one of the most widely used test method to study mechanical 

properties of thin films. A sharp diamond (from now on referred to as indenter) is led 

against the surface of the specimen, which in this case consists in a thin film on a 

substrate. Depending on the specific indentation system, the force can be controlled and 

the corresponding displacement of the indenter is measured, or vice versa.  

 

Nanoindentation technique can measure hardness, elastic properties and time-

dependent deformation of thin films. It can also serve as an indenter to induce fracture 

of sub-micron scale, for the measurement of fracture toughness. Fig.1.10 shows the 

most commonly used tips and their indentation shape for nanoindentation techniques.  

	

A known stiffness indenter (usually diamond) with calibrated shape is pressed into the 

sample, the sample surface deforms both elastically and plastically, a conforming shape 

hardness impression is formed. While the indenter withdraws, only the elastic portion 

of deformation is recovered. Hence a load-displacement curve can be obtained and 

desired properties can be abstracted and calculated through the curve. 

 

Fig.1.13 shows a schematic diagram of a nanoindenter. The load is applied and 

controlled by the current in the coil coupled with a permanent magnet. Indenter column 

is supported by a leaf springs, which are part of the capacitance device for measuring 

displacement. 

Figure 1.12.  Schematics of most commonly used tips and corresponding indentation shape 
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Hardness is defined as the indentation load divided by projected contact area of 

indentation. 

 

 𝐻 = 9:;<
=
…… (𝐸𝑞. 1.2. ) 

 
Measurement of the projected contact area A from a load-displacement curve requires 

ℎ?, the contact depth. For an indenter with a known geometry, for example, an ideal 

Berkovich indenter,  

 

𝐴 = 24.56ℎ?/ …… (𝐸𝑞. 1.3. ) 

 
The contact depth can be estimated from the load-displacement data: 

 

ℎ? = ℎEFG − 𝜀
𝑃EFG
𝑆 …… (𝐸𝑞. 1.4. ) 

 
Here 𝜀 is a constant that depends on the indenter geometry; for a Berkovich indenter, it 
equals 0.75. 
 

Figure 1.11.  Schematics of most commonly used tips and corresponding indentation shape 
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The elastic modulus of the indented sample can be obtained by the initial unloading 

contact stiffness, i.e., the slope of the beginning part of the unloading curve.  

 

𝑆 =
𝑑𝑃
𝑑h …… (Eq. 1.5. ) 

𝑆 = 2𝛽
𝐴
𝜋 𝐸P …… (𝐸𝑞. 1.6. ) 

𝐸P =
1 − 𝜈/

𝐸 +
1 − 𝜈R/

𝐸R
…… (𝐸𝑞. 1.7. ) 

 

Here 𝛽 is a constant that depends on geometry of indenter, for Berkovich it is 1.034, 

and 𝐸P  is the reduced elastic modulus, due to the fact that both the sample and the 

indenter deform. 𝐸 and 𝜈 are the elastic modulus and Poisson’s ratio of the sample, 

while 𝐸R and 𝜈R are those of indenter(for diamond, 𝐸R = 1141	𝐺𝑃𝑎 and 𝜈R = 0.07). 

Figure 1.12. (a) A typical load-displacement curve; (b) the deformation pattern of an elastic-plastic 
sample during and after indentation. 
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It should be noted that the elastic properties from previous equation hold for the sample 

thin film only when the film thickness is much greater than the indentation depth, in 

order to reasonably assume that the mechanical response is not affected by the substrate 

properties. While for metal thin films on hard substrates, a ratio of 10 times between 

film thickness and indentation depth is generally accepted [26], when metal films are 

deposited on compliant substrate, the contribution of the latter to the overall 

deformation cannot generally be neglected, therefore the aforementioned analytical 

treatment wouldn't hold for indentation on material systems for stretchable electronics 

applications 

 

In this section, two testing method for thin metal films, which are alternative to bulge 

test, were introduced. They both have their limitations. 

 

• As concerns uniaxial micro-tensile tests, experimental results can be greatly 

affected by alignment and gripping of the setup. Also, non-trivial sample 

fabrication and handling required and the uniaxial strain state can only be 

achieved, unless the device is upgraded by multiplying its degrees of freedom 

(therefore the number of driving systems, and consequently the final cost of the 

device); 

 

• For nanoindentation, when thin metal films on compliant polymers are 

considered, the suitability of analytical treatments for the interpretation of 

experimental results falls due the high deformability of the substrate. 

Furthermore, nanoindentation inherently induces a very localized strain state. 

While this feature makes it a very suitable technique for non-destructive 

mechanical characterization of materials, it wouldn't be possible to replicate the 

stress/strain field of common stretchable electronic components in service, 

which typically involves a much bigger characteristic length scale as compared 

to that of an indentation area. Last, small scale mechanics study significantly 

benefit from in-situ observations (e.g., by means of optical or scanning 

microscopy) to gain insight on the evolution of deformation and/or failure 

mechanisms. As mentioned, the design of common nanoindenters is non-trivial 
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and generally results in bulky setups, which require an ad-hoc installation to 

operate in combination with optical o scanning microscopes.  

 

 

Following these arguments, an alternative mechanical testing technique was 

considered in this work, namely, the bulge testing technique.
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2 Bulge	Testing	Technique:	Theoretical	
Principles	[24]	

	
This chapter is about the bulge test method used in this project. After brief history of 

this specific technique, the theory of bulge test will be presented. Bulge equations for 

different sample shape will be presented. Later, the general setup for bulge test will be 

describe, as guidance to the manufacture and mounting in our project. 

 

2.1 Bulge	test	introduction	
	
Bulge test has its unique advantages of precise sample fabrication and minimal sample 

handling. It is a non-destructive test method, it usually features a relatively simple and 

portable design (compared to nanoindentation), and can reproduce more than one kind 

of stress/strain state in a very cost-effective manner (compared to uniaxial tensile stress 

test), namely by tuning the shape of the so called bulge window, which defines the shape 

of the specimen itself. 

 

Bulge test determines mechanical properties of free standing thin films by applying 

pressure on one side and measuring the corresponding deflection. Its theory was first 

developed in 1915 by Hencky. [27] Beams [28] then introduced this idea into 

measurement of material properties. He began with very simple pressure deflection 

relationship, which lack further theoretical backup. Later, Tsakalakos [29] developed 

the theory for circular membranes. Small [30] took into consideration also the intrinsic 

stress of the film and initial height of the membrane. Vlassak and Pratt [31],[32] 

developed the theory for square membrane, but it is still too complex and thus lack of 

further usage. Likewise, Tabata and Vlassak [33],[31] developed the theory for 

rectangular membranes, and this improvement supports a broadened variety of 

application. 
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2.2 Bulge	equations		
	
 

It is worth mentioning that, from now on, the term sample or thin-film will refer to the 

full material system considered in later chapters of this study, namely Au film on PDMS 

substrates. The reason is that, considering the aspect ratio of the samples (and that of 

metal/polymer systems for general application in the stretchable electronics field) the 

whole materials system mechanically behaves as a composite thin film. Furthermore, 

when the thickness of the metal layer is much less than that of the polymeric substrate, 

the overall mechanical behavior can be assumed to be governed by the polymeric 

substrate. For the sake of clarity, it is worth stating that the bulge testing technique will 

not be presented as a mean to characterize the metal film properties separately with 

respect to the substrate mechanics. Conversely, the bulge test technique will be mainly 

exploited to investigate the mechanics of the polymeric substrate and infer the resulting 

strain experienced both by the polymer surface and the bonded metal film. 

 
In continue, the bulge equation will be presented in the traditional framework of linear 

elasticity. The central deflection (h) is directly related to the strain experienced by the 

sample, while the applied pressure (𝑝) is related to stress. Thus, mechanical properties 

of thin film material can be extracted by measuring the pressure/ deflection 

relationship and knowing the so called window size and shape, which refers to the 

geometrical features of the cavity whose boundaries define the sample dimension and 

shape. This cavity will be form now on refreed to as bulge window.  

 
 
 
 

The bulge window is extremely important because its shape defines the strain state 

experienced by the sample, which means that by proper tuning of the bulge window 

Fig.2.1.  Main parameters in bulge test method[24] 
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shape, different deformation states can be studied. The table below shows summary of 

different geometries used for bulge test. Later in this chapter, the path to obtain bulge 

equations will be illustrated. 

 

  

displacement field for the membrane contains a number of unknown parameters and satisfies the 
boundary conditions. According to the principle
determined by the condition that the potential
unknowns [9]. To confirm those derived bulge equations and to modify them, finite e
solutions are used [7][18][19]. Due to different approaches for the displacement field are used, 
different values for the parameters 
during this project is the one Vlassak derived in his dissertation 

 ! " 3.939

2.2.5 Summary bulge equations
Table 2- 1 presents a brief overview of the different geometries of the membranes used for bulge 
testing with their associated expressions for stress and strain.

Table 2- 1 Summary of the different geometries 
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Table 2.1. Summary of the different geometries used for bulge test [34] 
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2.3 Circular	window	model	of	the	bulge	test	
	
A pressurized thin-film clapped by circular window can be modeled as a section of a 

thin-walled spherical cap. 

Wall thickness is t, and radius is R (not indicated in the picture). The stress in the thin 

wall is obtained by force equilibrium due to stress and pressure.		

	

𝑝 ∙ 𝜋𝑅/ = 𝜎 ∙ 2𝜋𝑅𝑡 …… (𝐸𝑞. 2.1. ) 

𝜎 =
𝑝𝑅
2𝑡 …… (𝐸𝑞. 2.2. ) 

 

Note that 2𝜋𝑅𝑡 is actually the cross section area of thin wall. Here, in the spherical 

bulge model, the stress is in-plane and equi-biaxial, (𝜎GG = 𝜎\\). We also call it as plane 

stress condition. These equations indicate the relationship between applied pressure, 

radius of curvature, and stress in the bulged thin film. 

A bulged film in reality (right of Fig.2.2) is like a slice of the spherical vessel on the 

left. Letter “a” indicates window radius. 

In general bulge test models, one considers only relatively small deflections (ℎ ≪ 𝑎). 

From pure geometry, one can write the relationship between deflection height, window 

size and membrane curvature radius. 

	

Fig.2.2. Schematic sketch of a bulged film in spherical shape 
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The “Spherical Cap” model of the Bulge Test 

A pressurized thin-film window can be modeled as a section of a thin-walled 
spherical pressure vessel. 

Thin-walled spherical pressure vessel 

Stress !

Internal Pressure P

 

For wall thickness t and radius R, the stress in the wall is obtained by balancing the 
forces due to stress and pressure: 

p !"R
2
= # !2"Rt

# =
pR

2t

 

Note: Stress is biaxial (! xx = ! yy ).  This gives us a relationship between the pressure, 

radius of curvature, and stress in a pressurized membrane.  We can model a circular 
thin film window by “slicing off” a piece of the pressure vessel. 

Geometry of a bulged film 

 



2.	Bulge	Testing	Technique:	Theoretical	Prinicples	

	

26	

 

The relation can be written as: 

𝑅/ = (𝑅 − ℎ)/ + 𝑎/ = 𝑅/ − 2𝑅ℎ + ℎ/ + 𝑎/ ≈ 𝑅/ − 2𝑅ℎ + 𝑎/ …… (𝐸𝑞. 2.3. )	 
Noted that ℎ/ is relatively small, as mentioned before, thus ℎ/ is neglected. So Eq.2.3 

can be rearranged as: 

𝑅 =
𝑎/

2ℎ…… (𝐸𝑞. 2.4) 

 

By making a substitution to Eq.2.2, one can get the stress expression: 

𝜎 =
𝑝𝑅
2𝑡 =

𝑝𝑎/

4𝑡ℎ …… (𝐸𝑞. 2.5. ) 

 

Then the strain can be computed, in the view of its correlation with the stress by means 

of the material properties. The relationship between deflection and film strain can be 

obtained by pure geometry: 

𝜀 =
𝑅𝜃 − 𝑎
𝑎 =

𝜃 − 𝑎
𝑅

𝑎
𝑅

……(𝐸𝑞. 2.6. ) 

 

Using Taylor Expansion, the following expression is obtained: 

𝜃 = 𝑎𝑟𝑐𝑠𝑖 𝑛
𝑎
𝑅 =

𝑎
𝑅 +

𝑎
𝑅

e

6 + ⋯……(𝐸𝑞. 2.7. ) 

 

By terminating the expansion at the third order, the strain can be expressed as: 

𝜀 =
𝑎/

6𝑅/ =
2ℎ/

3𝑎/ …… (𝐸𝑞. 2.8. ) 

 

 

  

 259 

Consider the limit of relatively small deflections (h << a ): 

Geometry for bulge analysis 

R

h

a

!

 

The relation between the height of the bulge and the radius of curvature is then: 

R
2
= R ! h( )2 + a2 (Pythagorean Theorem)

R
2
= R

2
! 2Rh ! h

2
+ a

2
" R

2
! 2Rh + a

2

a
2
= 2Rh

R =
a
2

2h  

We can then make a substitution: 

! =
pR

2t
" ! =

pa
2

4 t h  

There is also a relationship between the center deflection (h) and the film strain ε.  
This is obtained purely from geometry: 

! =
R" # a

a
=
" # a / R( )
a / R( )

 

Note that: 

! = arcsin a / R( ) = a / R( ) +
a / R( )3

6
+ ...  

This leads to: 

Fig.2.3. Schematic sketch of cross section of thin film 
and its geometry 
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For linear biaxial elastic strain, 

𝜎 = 𝐵𝜀 =
2𝐵ℎ/

3𝑎/ …… (𝐸𝑞. 2.9. ) 

Where 𝐵 = 𝐸/(1 − 𝜈) is the reduced modulus in equi-biaxial conditions. 

Recalling the relationship of stress and pressure in Eq.2.5., and one can get get: 

𝜎 =
𝑝𝑎/

4𝑡ℎ =
2𝐵ℎ/

3𝑎/ …… (𝐸𝑞. 2.10. ) 

By rearranging the equation, the desired deflection-pressure relationship is obtained: 

𝒑 =
𝟖𝑩𝒕𝒉𝟑

𝟑𝒂𝟒 =
𝟖
𝟑
𝒉𝟑

𝒂𝟒
𝑬𝒕
𝟏 − 𝝂……(𝐸𝑞. 2.11. ) 

 
This is the bulge equation for a bulge window of spherical shape. 
If the residual stress of the membrane is also considered, one can simply rewrite the 

stress strain relationship, including also residual stress in material behavior. 

𝜎 = 𝐵𝜀 + 𝜎& =
𝐵2ℎ/

3𝑎/ + 𝜎& =
𝑝𝑎/

4𝑡ℎ …… (𝐸𝑞. 2.12. ) 

 
So the bulge equation becomes: 

𝑝 =
8𝐵𝑡
3𝑎v ℎ

e +
4𝜎&𝑡ℎ
𝑎/ …… (𝐸𝑞. 2.13. ) 

 
But in this study, residual stress was not investigated. Therefore, the residual stress term 

is presented here as a corollary of the theoretical background on the traditional 

treatment of bulge testing. 
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2.4 Rectangular	window	model	for	bulge	test	
	
Rectangular window is in fact the mostly used shape for bulge test device, due to its 

easier control over shape. Rectangular constraints also induce a biaxial behavior, but it 

is no longer equi-biaxial. Instead, in this model, the membrane is in plane-strain 

condition. 

 

Rectangular windows for bulge test should feature an aspect ratio (b/a, see Figure 2.4) 

larger than four, in order to immune from shape deviation effect [33].  By looking at 

the strains along a-direction and b-direction, it can be stated that, as long as aspect ratio 

is large enough (b/a> 4), strain in a-direction is relatively large, while strain in b-

direction is very small and thus can be neglected. Furthermore, away from the ends of 

the rectangle, the film is assumed to have a uniform radius of curvature. 

 
 
When the strain in one direction is almost zero, plane strain conditions apply. One can 

write the stress-strain relationships in this condition: (x is the Cartesian coordinate in 

the direction of a, while y is the Cartesian coordinate aligned with the dimension b.) 

𝜀GG =
1
𝐸 	 𝜎GG − 𝜈𝜎\\  

𝜀\\ =
1
𝐸 	 𝜎\\ − 𝜈𝜎GG = 0…… (𝐸𝑞. 2.14. ) 

  

which leads to 

𝜎\\ = 𝜈𝜎GG	 

𝜀GG =
𝜎GG 1 − 𝜈/

𝐸 …… (𝐸𝑞. 2.15. ) 

 

Fig.2.4. Schematic sketch of rectangular window shaped membrane 
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Like in the previous plane stress condition, (1 − 𝜈/)/𝐸  can be considered as the 

reduced modulus in the plane strain case. 

In the spherical model, the thin film is considered as thin-walled spherical cap, while 

in the rectangular window, the deformed membrane can be modeled as a cylindrical 

thin wall (see Figure 2.5). 

The thickness of the fall is noted as “t”. Writing the force equilibrium equation for half 

of the cylinder, the following expression is obtained 

 

2𝑅 ∙ 𝐿 ∙ 𝑝 = 2𝑡 ∙ 𝐿 ∙ 𝜎GG …… (𝐸𝑞. 2.16. ) 

Thus 𝜎GG = 𝑅𝑝/𝑡 …… (𝐸𝑞. 2.17. ) 

 

Once the relationship between stress and pressure is obtained, the bulge equation to 

describe long rectangular windows can be derived. 

Recalling the constitutive relationship in plane strain conditions (Eq.2.15.) and 

combining with the stress-pressure relationship (Eq.2.17.), the bulge equation for 

rectangular window shapes can be obtained, once noted that the same geometric 

arguments between strain, curvature, deflection and window size described for the 

circular case also apply for a cylindrical profile, Eq.2.4 and Eq.2.8. can be also applied.  273 

Let’s find the stress in a cylindrical thin-walled pressure vessel under plane-strain 

conditions (!
yy = 0 ).   

Thin-walled pressure vessel 

R

P

!xx
!yy

L

 

Imagine slicing the cylinder in half along the dotted line.  The forces on each half of 

the cylinder must add to zero. 
2R !L ! p = 2t !L !"

xx
"
xx =

Rp

t

 
where t is the wall thickness. Bulge equation for plane strain conditions 

Now we can derive a bulge equation to describe long rectangular windows in which 

plane-strain conditions hold. 

Fig.2.5. Schematic sketch of cylindrical thin-walled model 

 274 

Plane strain bulge 

x

y

z

P
h

2a

t

 

The window is in plane strain, so that: 

!
xx
= "

xx

E

1#$
2

 

For a cylindrical pressure vessel: 

! xx =
Rp

t . 

In the notes above we showed through geometric arguments that for small 
deflections: 

!xx =
2h
2

3a
2

, R =
a
2

2h . 

Using these expressions with the stress, we can solve for pressure: 

p =
4

3

h
3

a
4

E t

1!"
2

 

In order to include the effects of residual stress in our model, add σo to the stress 
resulting from strain change: 

Fig.3.6. Schematic sketch of 
model of bulged rectangular 
membrane  
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So one can obtain bulge equation for rectangular membrane model: 

𝒑 =
𝟑
𝟒
𝒉𝟑

𝒂𝟒
𝑬𝒕

𝟏 − 𝝂𝟐 …… (𝐸𝑞. 2.18. ) 

 

When the effect of residual stresses is introduced, the following expression can be 

obtained 

𝜎GG =
2ℎ/

3𝑎/ ∙
𝐸

1 − 𝜈/ + 𝜎& …… (Eq. 2.19. ) 

 

𝑝 =
2ℎ𝑡𝜎&
𝑎/ +

4
3
ℎe

𝑎v
𝐸𝑡

1 − 𝜈/ …… (𝐸𝑞. 2.20. ) 
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2.5 Square	Windows	
	
The last shape of window to mention about is square ones. This choice is less popular, 

since it requires a more complex analytical treatment. Nevertheless, as a completion of 

theoretical background, it is induced in this chapter. 

 

In square windows, deflection is not defined to a single direction. It varies in two 

dimensions, which complicates the analytical treatment to obtain the 

pressure/deflection relation Approximate solutions can be obtained using energy-

minimization method. In continue, the outline of procedure is listed. 

 

1. Assume there exist a certain form of displacement function, with unknown 

coefficients (A,𝑤&,𝑤)) to be determined. They are equivalent to the first two 

terms of a Taylor series expansion. Quantities of displacements in the (x,y,z) 

direction are (u,v,w) respectively.  

 

𝑢 =
𝐴
𝑎v 𝑥(𝑎

/ − 𝑥/)(𝑎/ − 𝑦/) 

𝑣 =
𝐴
𝑎v 𝑦(𝑎

/ − 𝑥/)(𝑎/ − 𝑦/) 

𝑤 =
𝑤&
𝑎v 1 +

𝑤)
𝑎/ 𝑥/ + 𝑦/ 𝑎/ − 𝑥/ 𝑎/ − 𝑦/ …… (𝐸𝑞. 2.21. ) 

 

2. Strains can be derived from the displacement functions: 

 

𝜀GG =
𝜕𝑢
𝜕𝑥 +

1
2
𝜕𝑤
𝜕𝑥

/

 

𝜀\\ =
𝜕𝑣
𝜕𝑦 +

1
2
𝜕𝑤
𝜕𝑦

/

 

𝜀G\ =
𝜕𝑢
𝜕𝑦 +

𝜕𝑣
𝜕𝑥 +

𝜕𝑤
𝜕𝑥

𝜕𝑤
𝜕𝑦 …… (𝐸𝑞. 2.22. ) 
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3. According to the principle of energy balance, the total potential energy of the 

membrane is equal to the strain energy minus the work done by the applied 

pressure: 

 

𝑉 =
𝐸𝑡

2 1 − 𝜈/ (𝜀GG/ + 𝜀\\/ + 2𝜈𝜀G𝜀\ +
1
2 (1 − 𝜈

/)𝜀G\)𝑑𝑥𝑑𝑦

− 𝑝𝑤𝑑𝑥𝑑𝑦…… (𝐸𝑞. 2.23. ) 

 

4. Minimize the total potential energy with respect to each of the coefficients in 

order to solve the unknown coefficients: 

 

𝜕𝑉
𝜕𝐴 = 0,

𝜕𝑉
𝜕𝑤&

= 0,
𝜕𝑉
𝜕𝑤)

= 0 

 

5. This provides a set of three equations with three unknowns, which can be solved 

numerically leasing to the pressure/deflection relation for square bulge windows 

	

𝒑 =
𝟏

𝟎. 𝟕𝟗𝟐 + 𝟎. 𝟎𝟖𝟓𝝂 𝟑
𝑬𝒕
𝟏 − 𝝂

𝒉𝟑

𝒂𝟒 +
𝟑. 𝟑𝟗𝟑𝝈𝟎𝒕𝒉

𝒂𝟐 …… (𝐸𝑞. 2.24. ) 
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2.6 Conclusion	and	discussion	
	
Comparison and discussion of result 

 

By comparing the bulge equation obtained for the spherical model, the rectangular 

model and the square model, the main differences rely on: 

 

1) The numerical coefficients before two terms. 

2) The reduced modulus is different for rectangular model. 

 

Thus, combining experimental data from rectangular windows, and either square or 

round windows, and neglecting the effect or residual stress, two equations for two 

unknowns are obtained, the unknowns being E and 𝜈. Thus Young’s Modulus and 

Poisson Ratio of a linear elastic material can be obtained by combining experimental 

results corresponding to different window shapes. 

 

Possible sources of error in bulge test 

 

In continue, the most common sources of error within a bulge test are listed. 

 

1) Mounting the film 

 

The delicate mounting would be discussed in future chapter. But one should 

notice that experiment condition and the proficiency of performer is one of the 

crucial aspect to ensure a better result. While mounting the film, one should try 

his best to ensure that the film is well-supported, free-standing and not wrinkled. 

Any wrinkling can result in significant errors. 

 

2) Non-flat Films 

 

The initial condition of the film is another major problem that one may face 

while performing a bulge test. Especially when using the laser interferometry to 

measure deflection, one should ensure that the film is flat within the resolution 
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of the equipment. Otherwise, one should modify the equation by inducing an 

“initial height”, ℎR: 

 

𝑝 =
𝑐)𝜎&𝑡
𝑎/ ℎ − ℎR +

𝑐/𝐸𝑡
1 − 𝜈 𝑎v ℎ − ℎR e …… (𝐸𝑞. 2.25. ) 

 

 

3) Residual Stress 

 

From the previous equations, it is clear that residual stresses take significantly 

affect the reliability of experimental results. Residual stresses are induced 

mainly during the sample preparation. Therefore, to minimization of residual 

stresses usually rely on the optimization of the sample fabrication procedure. 
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3 Development	of	the	Hyperelastic	Bulge	
Equation	

	
A pressure-deflection relationship is required in order to achieve a known strain loading in the 

membrane by controlling the pressure value and the window size. In this way, the crack 

evolution history of our Au/PDMS samples can be studied as a function of the strain history 

rather than the pressure value, which for a given material, would lead to a different strain state 

depending on the window size and shape. 

Nevertheless, due to the elastomeric nature of the PDMS substrate, the traditional bulge 

equation would not be suitable to model the pressure/deflection response of the Au/PDMS 

samples (which, as mentioned, is governed by the PDMS response). In continue, the bulge 

equation is reviewed in the framework of incompressible hyperelasticity. Specifically, the 

pressure/deflection relation is derived analytically for a general hyperelastic strain energy 

potential. Then, the potential use of the hyperelastic bulge equation is shown by computing 

pressure/deflection curves by means of a MATLAB script. 

 

Modeling assumptions read as follows 

i) The extremely thin gold layer on top does not affect the overall mechanical response of 

the PDMS membrane 

ii) PDMS behaves as an incompressible hyperelastic material 

iii) The sample does not experience significant residual stresses 

 

In what follows, circular and rectangular bulge window shapes will only be considered. 
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3.1 Basic	of	hyperelasticity		
	
Isotropic, continuum materials for which the constitutive behavior is merely a function of 

current state of deformation are known as elastic material, while for hyperelastic materials, the 

work done by the stresses during deformation process is dependent on the initial state and final 

configuration [33].  

 

Certain operations on the strain tensor give the same result without regard to which 

orthonormal coordinate system is used to represent the components of strain. The results of 

these operations are called strain invariants. The most commonly used strain invariants can be 

written in terms of components as following: 

𝐼) = 𝜀)) + 𝜀// + 𝜀ee 

𝐼/ = 𝜀)// + 𝜀/e/ + 𝜀e)/ − 𝜀))𝜀// − 𝜀//𝜀ee − 𝜀ee𝜀)) 

𝐼e = 𝜀)) 𝜀//𝜀ee − 𝜀/e/ + 𝜀)/ 𝜀)/𝜀ee − 𝜀/e𝜀e) + 𝜀)e 𝜀)/𝜀/e − 𝜀//𝜀e) …… (𝐸𝑞. 3.1. ) 

 

 

One can describe the constitutive behavior of a hyperelastic material using a strain energy 

function Ψ. Most of the strain energy functions are a function of the strain invariants 

Ψ=Ψ( 𝐼), 𝐼/, 𝐼e ), or sometimes, of stretches Ψ=Ψ( 𝜆), 𝜆/, 𝜆e ). Noted that the Cartesian 

coordinates are used in the modelling, and the direction 1 is the direction along the window 

size, which are mostly concerned. By definition, the stretch is the ratio of current length and 

the initial one:		𝜆 = ��������
������;�

.  

 

For hyperelastic material, stresses are derived from the strain energy function Ψ. And for 

incompressible hyperelastic materials, the relations can be written as: 

 

𝜎) =
𝜆)
𝐽
𝜕Ψ
𝜕𝜆)

− 𝑝 

𝜎/ =
𝜆/
𝐽
𝜕Ψ
𝜕𝜆/

− 𝑝 

𝜎e =
𝜆e
𝐽
𝜕Ψ
𝜕𝜆e

− 𝑝…… (𝐸𝑞. 3.2. ) 
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Here, 𝐽 = 𝜆)𝜆/𝜆e , and is equal to 1 due to the hypothesis of material incompressibility. p is 

the hydrostatic pressure induced by incompressibility. 

 

𝜎e is the Cauchy stress component along the direction of membrane thickness.  the boundary 

condition at the outer surface of the membrane, which is unloaded, reads as 𝜎e = 0. Since the 

sample features a very small thickness, the stress component along the radial direction is 

assumed to provide a negligible contribution to equilibrium, therefore a very common 

approximation corresponds to assume the stress along the radial direction to be zero 

everywhere. Thus, 

𝑝 = 𝜎e =
𝜆e
𝐽
𝜕Ψ
𝜕𝜆e

…… (𝐸𝑞. 3.3. ) 

 

And the stress in plane can be write as: 

𝜎) =
𝜆)
𝐽
𝜕Ψ
𝜕𝜆)

− 𝑝 = 𝜆)
𝜕Ψ
𝜕𝜆)

− 𝜆e
𝜕Ψ
𝜕𝜆e

 

𝜎/ = 𝜆/
𝜕Ψ
𝜕𝜆/

− 𝑝 = 𝜆/
𝜕Ψ
𝜕𝜆/

− 𝜆e
𝜕Ψ
𝜕𝜆e

…… (𝐸𝑞. 3.4. ) 

𝜎) is equal to the in plane stress of the bulge membrane along the window size direction, and 

thus is the stress to be related to the pressure when pursuing the derivation of the bulge equation.  

 

In most cases, as mentioned before, strain energy function Ψ is a function of the stretch 

invariants. Thus the stress-energy relation is recast by inducing the conversion of stretch and 

invariant: 

𝐼) = 𝜆)/ + 𝜆// + 𝜆e/ 

𝐼/ = 𝜆)/𝜆// + 𝜆//𝜆e/ + 𝜆)/𝜆e/ 

𝐼e = 𝜆)/𝜆//𝜆e/ = 1…… (𝐸𝑞. 3.5. ) 

 

The derivative of strain energy to a stretch component is used to calculate stress, and can be 

recast as: 

𝜕Ψ
𝜕𝜆)

=
𝜕Ψ
𝜕𝑰 	

𝜕𝑰
𝜕𝜆)

=
𝜕Ψ
𝜕𝐼)

∙
𝜕𝐼)
𝜕𝜆)

+	
𝜕Ψ
𝜕𝐼/

∙
𝜕𝐼/
𝜕𝜆)

 

𝜕Ψ
𝜕𝜆/

=
𝜕Ψ
𝜕𝑰 	

𝜕𝑰
𝜕𝜆/

=
𝜕Ψ
𝜕𝐼)

∙
𝜕𝐼)
𝜕𝜆/

+	
𝜕Ψ
𝜕𝐼/

∙
𝜕𝐼/
𝜕𝜆/
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𝜕Ψ
𝜕𝜆e

=
𝜕Ψ
𝜕𝑰 	

𝜕𝑰
𝜕𝜆e

=
𝜕Ψ
𝜕𝐼)

∙
𝜕𝐼)
𝜕𝜆e

+	
𝜕Ψ
𝜕𝐼/

∙
𝜕𝐼/
𝜕𝜆e

…… (𝐸𝑞. 3.6. ) 

 

The derivatives of invariants to different stretches are: 

𝜕𝐼)
𝜕𝜆)

= 2𝜆),
𝜕𝐼)
𝜕𝜆/

= 2𝜆/,
𝜕𝐼)
𝜕𝜆e

= 2𝜆e		 

𝜕𝐼/
𝜕𝜆)

= 2𝜆)𝜆// + 2𝜆)𝜆e/,
𝜕𝐼/
𝜕𝜆/

= 2𝜆/𝜆)/ + 2𝜆/𝜆e/ 

𝜕𝐼/
𝜕𝜆e

= 2𝜆e𝜆)/ + 2𝜆e𝜆// …… (𝐸𝑞. 3.7. ) 

So the derivative of strain energy function to a stretch component is: 

𝜕Ψ
𝜕𝜆)

=
𝜕Ψ
𝜕𝐼)

∙
𝜕𝐼)
𝜕𝜆)

+	
𝜕Ψ
𝜕𝐼/

∙
𝜕𝐼/
𝜕𝜆)

=
𝜕Ψ
𝜕𝐼)

∙ 2𝜆) +
𝜕Ψ
𝜕𝐼/

∙ (2𝜆)𝜆// + 2𝜆)𝜆e/) 

𝜕Ψ
𝜕𝜆/

=
𝜕Ψ
𝜕𝐼)

∙
𝜕𝐼)
𝜕𝜆/

+	
𝜕Ψ
𝜕𝐼/

∙
𝜕𝐼/
𝜕𝜆/

=
𝜕Ψ
𝜕𝐼)

∙ 2𝜆/ +
𝜕Ψ
𝜕𝐼/

∙ (2𝜆/𝜆)/ + 2𝜆/𝜆e/) 

𝜕Ψ
𝜕𝜆e

=
𝜕Ψ
𝜕𝐼)

∙
𝜕𝐼)
𝜕𝜆e

+	
𝜕Ψ
𝜕𝐼/

∙
𝜕𝐼/
𝜕𝜆e

=
𝜕Ψ
𝜕𝐼)

∙ 2𝜆e +
𝜕Ψ
𝜕𝐼/

∙ 2𝜆e𝜆)/ + 2𝜆e𝜆// …… (𝐸𝑞. 3.8. ) 

 

Thus the stress-energy relationship can be rewrite as: 

𝝈𝟏 = 𝜆)
𝜕Ψ
𝜕𝜆)

− 𝜆e
𝜕Ψ
𝜕𝜆e

= 𝜆)
𝜕Ψ
𝜕𝐼)

∙ 2𝜆) +
𝜕Ψ
𝜕𝐼/

∙ 2𝜆)𝜆// + 2𝜆)𝜆e/

− 𝜆e
𝜕Ψ
𝜕𝐼)

∙ 2𝜆e +
𝜕Ψ
𝜕𝐼/

∙ 2𝜆e𝜆)/ + 2𝜆e𝜆//

=
𝝏𝚿
𝝏𝑰𝟏

∙ 𝟐 𝝀𝟏𝟐 − 𝝀𝟑𝟐 +
𝝏𝚿
𝝏𝑰𝟐

∙ 𝟐𝝀𝟐𝟐(𝝀𝟏𝟐 − 𝝀𝟑𝟐) 

 

𝝈𝟐 = 𝜆/
𝜕Ψ
𝜕𝜆/

− 𝜆e
𝜕Ψ
𝜕𝜆e

=
𝝏𝚿
𝝏𝑰𝟏

∙ 𝟐 𝝀𝟐𝟐 − 𝝀𝟑𝟐 +
𝝏𝚿
𝝏𝑰𝟐

∙ 𝟐𝝀𝟏𝟐 𝝀𝟐𝟐 − 𝝀𝟑𝟐 …… (𝐸𝑞. 3.9. ) 

 

The derivative of invariants to stretches are separated because they are the fixed terms for 

different strain-energy models. This corresponds to a practical choice when the solution has to 

be implemented numerically. 
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3.2 Geometrical	general	situation	
 

In continue, the traditional analytical treatment presented in Chapter 2 will be reviewed to 

introduce the non-linear hyperelastic behavior described in the previous paragraph. 

 

The geometry of a sector circular is used to calculate the strain of a bulge membrane in the 

window size direction, therefore, Eq.2.3. can be applied here. However, the assumption was 

made only on relatively small deflection, which would not be appropriate for an elastomer. A 

more general expression of the radius as a function of the deflection and the window size reads 

𝑅 =
(ℎ/ + 𝑎/)

2ℎ …… (𝐸𝑞. 3.10. ) 

 

The stretch along the window size direction can be expressed by 

 λ) = 𝑅𝜃/𝑎…… (Eq. 3.11. )  

Where 𝜃, as can be seen from the geometry, is a function of R and a  

𝜃 = arcsin 𝑎/𝑅	 = arcsin 	2𝑎ℎ/(𝑎/ + ℎ/)…… (𝐸𝑞. 3.12. ) 

Thus the stretch can be expressed as a function of ℎ and 𝑎 as follows 

𝛌𝟏 =
𝑹𝜽
𝒂 =

𝒉𝟐 + 𝒂𝟐

𝟐𝒂𝒉 𝐚𝐫𝐜𝐬𝐢 𝐧
𝟐𝒂𝒉

𝒂𝟐 + 𝒉𝟐 …… (𝐸𝑞. 3.13. ) 

  



3.	Development	of	the	Hyperelastic	Bulge	Equation	

	

40	

3.3 Hyperelastic	bulge	modeling-	circular	window	
	

As illustrated in the previous chapter, when the bulge window features a circular shape, the 

stress in the plane of the membrane is equi-biaxial. Thus, when the sample is bulged, 𝜎) = 𝜎/, 

and the membrane is equally stretched along this two direction. That is: 𝜆) = 𝜆/.  Recalling 

the hypothesis of material incompressibility, it can be stated that that 𝜆)𝜆/𝜆e = 1, therefore 

when setting 𝜆) = 𝜆,	the following relations hold 

𝜆) = 𝜆, 𝜆/ = 𝜆, 𝜆e =
1
𝜆/ …… (𝐸𝑞. 3.14. ) 

Using these results in the stress/stretch relation obtained in the previous section (Eq.3.8.), one 

can get: 

𝝈𝟏 =
𝜕𝛹
𝜕𝐼)

∙ 2 𝜆)/ − 𝜆e/ +
𝜕𝛹
𝜕𝐼/

∙ 2𝜆// 𝜆)/ − 𝜆e/

= 𝟐
𝝏𝜳
𝝏𝑰𝟏

	 𝝀𝟐 −
𝟏
𝝀𝟒 + 𝟐

𝝏𝜳
𝝏𝑰𝟐

	 𝝀𝟒 −
𝟏
𝝀𝟐 …… (𝐸𝑞. 3.15. ) 

 

Recalling the bulge equation for circular windows from the previous chapter (Eq.2.10.), one 

can write: 

𝜎 =
𝑝𝑅
2𝑡 =

𝑝(𝑎/ + ℎ/)
4𝑡ℎ …… (𝐸𝑞. 3.16. ) 

 

Here, 𝜎 = 𝜎) . Also, unlike in the linear elastic case, where thickness is a constant, in 

hyperelastic materials, thickness evolves as the bulge pressure build up.If the original thickness 

is 𝑡&, then the current thickness can be obtained as: 𝒕 = 𝒕𝟎 ∙ 𝝀𝟑 = 𝒕𝟎/𝝀𝟐. So one can rewrite 

the previous equation as: 

 

𝒑 =
4𝜎)𝑡ℎ
𝑎/ + ℎ/ = 𝟖 ∙

𝒕𝟎𝒉
(𝒂𝟐 + 𝒉𝟐)𝝀𝟐

∙
𝝏𝜳
𝝏𝑰𝟏

	 𝝀𝟐 −
𝟏
𝝀𝟒 + 𝟐

𝝏𝜳
𝝏𝑰𝟐

	 𝝀𝟒 −
𝟏
𝝀𝟐 …… (𝐸𝑞. 3.17. ) 

  
That is the bulge equation for hyperelastic material under circular window. In order to recast it 

as a proper pressure/deflection relation, one should substitute λ using the equation from last 

section (Eq.3.13.). 
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3.4 Hyperelastic	bulge	modeling-	rectangular	window	
 

For the rectangular window model, the plane-strain condition holds rather than equi-biaxial 

stress. That is 𝜀) ≠ 0，𝜀/ = 0	. 

 

As concerns stretches, that means: 𝜆) ≠ 1，𝜆/ = 1. Set 𝜆) = 𝜆，therefore 

𝜆) = 𝜆, 𝜆/ = 1, 𝜆e =
1
𝜆 …… (𝐸𝑞. 3.18. ) 

 

Using the expression of stretches in plane strain condition in the stress-stretch relation one 

obtains: 

𝝈𝟏 =
𝜕𝛹
𝜕𝐼)

∙ 2 𝜆)/ − 𝜆e/ +
𝜕𝛹
𝜕𝐼/

∙ 2𝜆// 𝜆)/ − 𝜆e/ = 𝟐
𝝏𝜳
𝝏𝑰𝟏

	 𝝀𝟐 −
𝟏
𝝀𝟐 + 𝟐

𝝏𝜳
𝝏𝑰𝟐

	 𝝀𝟐 −
𝟏
𝝀𝟐

= 𝟐
𝝏𝜳
𝝏𝑰𝟏

+
𝝏𝜳
𝝏𝑰𝟐

𝝀𝟐 −
𝟏
𝝀𝟐 …… (𝐸𝑞. 3.19. ) 

 

Referring back to Eq.2.17., the bulge equation for rectangular window can be rewrite as: 

𝜎 =
𝑝𝑅
𝑡 =

𝑝(𝑎/ + ℎ/)
2𝑡ℎ …… (𝐸𝑞. 3.20. ) 

 

Like in the previous case, thickness changes as the bulge evolves. 𝒕 = 𝒕𝟎 ∙ 𝝀𝟑 = 𝒕𝟎/𝝀. 

Thus the bulge equation for hyperelastic material under rectangular window is: 

𝒑 =
2𝜎)𝑡ℎ
𝑎/ + ℎ/ = 𝟒 ∙

𝒕𝟎𝒉
(𝒂𝟐 + 𝒉𝟐)𝝀 ∙

𝝏𝜳
𝝏𝑰𝟏

+
𝝏𝜳
𝝏𝑰𝟐

𝝀𝟐 −
𝟏
𝝀𝟐 …… (𝐸𝑞. 3.21. ) 

 

Here, the substitution of stretch to window size and deflection height (Eq.3.13.) still holds. 
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3.5 Hyperelastic	bulge	modeling-	with	constitutive	
modeling	

 

The bulge equation for hyperelastic materials was developed in the previous section. The strain 

energy function assumes a different expression depending on the specific hyperelastic model 

to be used, thus to finish the modeling, the most popular hyperelastic strain energy potentials 

for rubber like materials are introduced here.  

 

Noteworthy, the only terms to be instanced when selecting a specific strain energy function 

correspond to the derivatives of the latter with respect to the stretch invariants. To be less 

tedious, only ¦§
¦¨©
	and	 ¦§

¦¨«
 would be listed for each model, which are the only relevant derivative 

appearing in the hyperelastic bulge equation. In continue, the derivatives of the strain energy 

function with respect to the stretch invariants are presented for five popular hyperelastic models. 

 

3.5.1 Construction	of	hyperelastic	bulge	equation	with	with	constitutive	
models	

	
General	terms	for	different	constrain	situation 

The bulge equation for hyperelastic material have terms that change for different cases-the 

invariants. Invariant is a function of stretch, and as can be seen above, stretch differs from case 

to case. Thus here listed the invariants according to different cases. When using the hyperelastic 

bulge equation, one should put the proper substitution to invariants according to the actual case. 

 

1) Circular window case-equibiaixial situation 

𝜆) = 𝜆, 𝜆/ = 𝜆, 𝜆e =
1
𝜆/ 

𝑰𝟏 = 𝜆)/ + 𝜆// + 𝜆e/ = 𝟐𝝀𝟐 +
𝟏
𝝀𝟒 

𝑰𝟐 = 𝜆)/𝜆// + 𝜆//𝜆e/ + 𝜆)/𝜆e/ = 𝝀𝟒 +
𝟐
𝝀𝟐 …… (𝐸𝑞. 3.22. ) 

 

2) Rectangular window case-plane strain situation 

𝜆) = 𝜆, 𝜆/ = 1, 𝜆e =
1
𝜆 
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𝑰𝟏 = 𝜆)/ + 𝜆// + 𝜆e/ = 𝝀𝟐 + 𝟏 +
𝟏
𝝀𝟐 

𝑰𝟐 = 𝜆)/𝜆// + 𝜆//𝜆e/ + 𝜆)/𝜆e/ = 𝝀𝟐 +
𝟏
𝝀𝟐 + 𝟏……(𝐸𝑞. 3.23. ) 

 

3) Uniaxial situation (see the potential usage in next section.) 

𝜆) = 𝜆, 𝜆/ =
1
𝜆
, 𝜆e =

1
𝜆

 

𝑰𝟏 = 𝜆)/ + 𝜆// + 𝜆e/ = 𝝀𝟐 + 𝟐/𝝀 

𝑰𝟐 = 𝜆)/𝜆// + 𝜆//𝜆e/ + 𝜆)/𝜆e/ = 𝟐𝝀 +
𝟏
𝝀𝟐 …… (𝐸𝑞. 3.24. ) 

 

Derivatives of different consititutive hyperelastic function to invariants 

 

Arruda-Boyce form 

 

𝛹 = 𝜇
1
2 𝐼) − 3 +

1
20𝜆E/

𝐼)/ − 9 +
11

1050𝜆Ev
𝐼)e − 27 +

19
7000𝜆E

𝐼)v − 81

+
519

673750𝜆E®
𝐼)¯ − 243  

 
𝜕𝛹
𝜕𝐼)

= 𝜇
1
2 +

2
20𝜆E/

𝐼) +
11×3
1050𝜆Ev

𝐼)/ +
19×4
7000𝜆E

𝐼)e +
519×5

673750𝜆E®
𝐼)v	 …… (𝐸𝑞. 3.25. ) 

 

Here, 𝜇, 𝜆E are temperature dependent material parameters. 

 

Mooney-Rivlin form 

 
𝛹 = 𝐶)& 𝐼) − 3 + 𝐶&)(𝐼/ − 3) 
𝜕𝛹
𝜕𝐼)

= 𝐶)&,
𝜕𝛹
𝜕𝐼/

= 𝐶&) …… (𝐸𝑞. 3.26. ) 

 

Neo-Hookean form 

 
𝛹 = 𝐶)& 𝐼) − 3  
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𝜕𝛹
𝜕𝐼)

= 𝐶)& …… (𝐸𝑞. 3.27. ) 

 

Polynomial form (N=2)  

 

𝛹 = 𝐶R² 𝐼) − 3 R
³

R´²µ)

(𝐼/ − 3)² 

𝜕𝛹
𝜕𝐼)

= 𝐶)& + 𝐶)) 𝐼/ − 3 + 2𝐶/&(𝐼) − 3) 

𝜕𝛹
𝜕𝐼/

= 𝐶&) + 𝐶)) 𝐼) − 3 + 2𝐶&/ 𝐼/ − 3 …… (𝐸𝑞. 3.28. ) 

 

Yeoh form 

 
𝛹 = 𝐶)& 𝐼) − 3 + 𝐶/& 𝐼) − 3 / + 𝐶e& 𝐼) − 3 e 

𝜕𝛹
𝜕𝐼)

= 𝐶)& + 2𝐶/& 𝐼) − 3 + 3𝐶e& 𝐼) − 3 / …… (𝐸𝑞. 3.29. ) 
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3.5.2 Potential	usage	of	the	uniaxial	hyperelastic	equation		
 
A potential use of the hyperelastic bulge equation developed in the previous section consists in 

the combination with uniaxial stress/strain data to identify the most suitable hyperelastic model 

to describe the response of a non-linear elastic material. It enables the usage of uniaxial tensile 

test as substitution of profilometer to obtain strain control mechanism. (Profilometer 

experimental detail given in Chapter 5) 

Specifically, one can perform a uniaxial tensile test, and perform a numerical fitting to obtain 

the material constitutive parameters. This can be done provided that the hyperelastic 

stress/strain response upon uniaxial stretch is known from experimental data. Recalling from 

previous section, the general stress-stretch relation (Eq.3.9.) is: 

𝜎) =
𝜕𝛹
𝜕𝐼)

∙ 2 𝜆)/ − 𝜆e/ +
𝜕𝛹
𝜕𝐼/

∙ 2𝜆// 𝜆)/ − 𝜆e/  

For uniaxial stress, the membrane will be stretched in one dimension only, and experience 

contraction along the remaining two dimensions. This means 

𝜆) = 𝜆, 𝜆/ =
1
𝜆
, 𝜆e =

1
𝜆
…… (𝐸𝑞. 3.30) 

So the stress-stretch relation for uniaxial strains reads as 

𝝈𝟏 = 𝟐
𝝏𝜳
𝝏𝑰𝟏

𝝀𝟐 −
𝟏
𝝀 + 𝟐

𝝏𝜳
𝝏𝑰𝟐

𝝀 −
𝟏
𝝀𝟐 …… (𝐸𝑞. 3.31) 

By fitting the experimental uniaxial stress/strain curve with hyperelastic models and Eq.3.31, 

best-fitting material parameters are obtained. One can insert the material parameters into the 

hyperelastic bulge equation to obtained pressure-deflection behavior of the sample material, 

then a pressure-strain relation under bulge test needed for the crack opening study is ready to 

be used. 
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3.6 Conclusion	and	discussion	
 

Substrate material used in this study is PDMS, which is an elastomer, does not comply to the 

original bulge equation which is constructed mainly for materials with linea elastic response. 

Thus hyperelastic bulge equation is developed in this chapter. With the usage of hyperelastic 

bulge equation, one can perform characterization of rubber-like hyperelastic materials under 

bulge test with in-situ laser profilometer, which will be illustrated in detail in Chapter 5. By 

fitting experimental data from bulge test under profilometer, best-fitting material parameters 

can be yielded. Pressure-strain control mechanism can also be obtained by the set of best-

fitting material parameters from hyperelastic bulge equation, which enables crack opening 

study in bulge test under in-situ optical microscopy. Experimental detail will be given in 

Chapter 6. It is the main experiment procedure of this study: performing bulge test with in-

situ profilometer to get experimental p-h behavior – fit p-h behavior with hyperelastic bulge 

equation developed in this chapter – use best-fitting parameters to construct pressure-strain 

response – conduct crack opening study with bulge test under in-situ optical microscope with 

a known strain control.  

Uniaxial tensile stress is also mentioned in this chapter, for the possible application in 

experimental cooperation. One can perform a uniaxial tensile test on the same material that 

would be use in bulge device, fit the data with hyperelastic model to give parameters and then 

used in the hyperelastic bulge equation. It is an optional way to obtain material properties 

experimentally and thus to give a better reference to pressure-strain relationship, which 

serves the purpose of this study.  
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4 Development	of	the	bulge	test	setup	
	
A device setup was developed to perform bulge tests on Au/PDMS samples for stretchable 

electronics applications. During the development of the setup, some practical issues implied 

the need of several reviews and prototypes, before the final version of the device was achieved. 

In continue, only the final version of the bulge test device will be illustrated, and the key issues 

that need to be considered during the manufacturing will be pointed out.  

 

The window of the manufactured bulge device is a circular one, 1mm in diameter. The choice 

of size and shape of the window is made under consideration of available manufacturing 

facilities in the lab, as well as the material choice for the device. The possible pressure range 

the bulge test setup can provide is 0-1.5 PSI. 

 

The bulge test setup is used under two different experiment instrument during this study, an 

in-situ laser profilometer and an inverted optical microscope. Bulge test with in-situ 

profilometer enables characterization of the elastomer substrate, by fitting the pressure-

deflection response with hyperelastic bulge equation developed in previous chapter. Fitting 

parameters can be used to construct pressure-strain control of the bulge device for this 

material. The characterized sample is then used under bulge test with in-situ optical 

microscope. Intuitionistic crack opening study can be conducted combined with the pressure-

strain control known from the profilometer experiment. In this manner, the goal of this study, 

namely, the crack evolution study of Au/PDMS sample through bulge testing, is achieved. 
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4.1 Sample	preparation	[36]	
	
The gold on PDMS samples used in this study were fabricated by Tinku and co-workers at the 

research institute Fondazione Bruno Kessler (FBK, Trento, IT). In continue, a brief 

introduction on the material properties and the fabrication techniques will be given. A detailed 

description of the fabrication process can be found in [36,37]. 

 

PDMS has a significantly different thermal expansion coefficient than the rest of the layers in 

the micro fabrication routine. This may lead to lots of cracks and adhesion issues. Thus 

special caution should be paid to minimize the thermal shocks steps during the process. The 

direct contact of PDMS and photoresist was first avoided, so as to avoid thermal shocks to 

the polymer. The fabrication steps were as follows: 

• cleaning and rinsing of Si wafers to be used a substrates for the subsequent spin 

coating of PDMS 

• silanization of the wafers for easy removal of PDMS- PDMS (10:1 ratio) spin-coated 

on wafer at 500 RPM for 60 sec.(thickness of PDMS~150µm) 

• coated wafers were kept 2 hours in oven at 80°C for polymer curing 

• an Oxygen (O2) plasma treatment was used to to enhance the surface adhesion 
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4.2 Device	Manufacture	
 

The main body of the device is manufactured in the workshop of the Laboratory of mechanics 

of Biological Structures (LabS) in Politecnico di Milano. The component choice of the device 

and its size are decided with main consideration of the available manufacturing facilities.  

 

4.2.1 Overview	of	setup	
	

	
The overall bulge test setup is shown in Fig.4.2. The most important components are: pressure 

provider system, pressure sensor, linkage system and the bulge device. 

 

Normal pressure providing system for bulge test can be divided into two groups: gas provider 

and liquid provider. Liquid provider are used too meet larger pressure requirement for stiffer 

materials, which is not the case of current interest. Also, the filling procedure of the setup with 

liquid providers is normally associated with the issue of air-bubble entrapment, which 

complicates the practical use of this solution. Thus, gas was chosen to be the pressure provider. 

A pneumatic cylinder plus a micrometric screw are used in the setup in order to compress the 

volume entrapped within the setup components and the sample, therefore building-up pressure. 

A syringe, which is not shown in the picture, was also used to pump in air to enable the repeated 

Pressure	control	

Pressure	gauge	

Bulge	device	

Fig.4.1. Overall setup of bulge test 

Valves,	tubes	
and	linkage	
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use of the pneumatic cylinder compression range within a single test, as it will be illustrated in 

the later sections. 

 

For pressure sensor, a pressure gauge from TIF Instruments Inc. is used. The measuring unit is 

psi, with range 0-100 PSI.  

 

The linkage system is carried out by two plastic valves and a proper combination of  tubes. 

Two valves are used to allow the pneumatic decoupling between the pressure gauge and either 

the pressure cylinder or the bulge test device, when needed. Tubes should be as narrow as 

possible, s as to minimize the volume to be compressed, therefore maximizing the pressure 

build-up for a given micrometer-screw turn.  

 

Fig 4.2. shows the overview of the bulge test device. Details will be shown later. 

 
  

Fig.4.2. Overview of bulge test device 
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4.2.2 Cap	manufacturing	

 

Three trenches for washers are fabricated also on the cap. The usage of washer increases the 

tightening of the screw head and the cap, which then ensures a better sealing condition. The 

central holes of the washers are shaped slightly conically, so as to fit the conical screw and 

made them disappear below the surface of the cap when fixing heads even better. But this 

depends on the type of screws that would be used in the device. We choose the screws with 

conical heads. The finished product is shown in Fig.4.4.	

The schematic illustration of cap alignment is shown in Fig.4.3. The alignment includes: screws, 

washers and the cap. Only circular windows are made during this project, since using a proper 

drill tip is possible to fabricate a circular window, while for rectangular and square windows, 

a mill tip with proper size would have been needed, which was not available within the 

fabrication facilities. Nevertheless,for the reason that rectangular windows provide constrains 

for plane strain condition, which will be more suitable for stiffer materials. But one can 

fabricate rectangular or even square windows under similar fabrication procedure. 

 

The cap is fabricated from a piece of metal with thickness less than 2mm. In the central region 

of the cap, an opening blind cavity is fabricated to reduce the depth from the top to the specimen, 

Fig.4.3. Schematic illustration of cap alignment 

screws	

washers	

Trench	for	washers	

specimen	
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so that the device is applicable for experiment under in combination with equipement operating 

at relatively short working distance with respect to the surface of interest (namely, the laser 

profilometer and the optical microscope). The laser profilometer has a working distance below 

1.5mm1mm, therefore a slope of the opening is made on purpose to allow the laser head to 

approach closer to the specimen without hitting the outer ridge fringe. The reason for choosing 

meatal rather than PMMA as for the rest of the setup relies on the fact that, in order to comply 

the aforementioned constraints, the cap thickness is rather small in the region were the sample 

is clamped. Therefore, using metal ensured higher stiffness of the constraint as compared to 

that of the sample (despite the slender geometry of the constraint). 
During application under laser profilometer, once the membrane is detected, the laser head 

moves up and down in the distance of 500 microns, to determine its position. So the distance 

between the top of opening and the specimen at unbulged condition should be less than 500 

microns. But it is difficult to achieve on a single side fabrication, otherwise the slop is too 

large. The specimen stage on the backside of the cap is made for this purpose. The diameter 

of the stage can be fix to the value of that of the specimen, such that it is easier to center the 

specimen. Additionally, with the limitation of working distance, only the circular cap with 

500µm in radius can be used to obtain full range p-h experimental data. Any window larger 

than this will result in deflection height off the promising range, thus bulge membrane of 

only a partial pressure range will be measured.  

Only a window of 1mm in diameter is made as a metal, though several caps were tried out with 

other window sizes from PMMA. Metal is finally chosen instead of PMMA like the rest of the 

device, to ensure the compatibility with the screws head, otherwise the cap would be blended 

after a few times of usage.  

Fig.4.4. Finished product of cap 
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4.2.3 Main	body	manufacturing	
 

 

The schematic illustration of the main body of the device is shown in Fig.4.5. The device is 

fabricated with PMMA, which is a cheap, easy-to-manufacture material. The main body of the 

device include several important components, those are: air chamber, trench and o-ring, metal 

thread for screws and the connector for tubes. 

 

The device is made as a cylinder, and the air chamber is constructed in the center by intersecting 

two orthogonal cavities obtained by means of a 2mm drill tip.  Air chamber does not have size 

limitation, due to the fact that the samples is mechanically constrained by the cap, instead. But, 

as already explained for the tubes, in order to have more effective pressure build up, the 

chamber should be as narrow as possible. 

 

The bottom of the cylindrical chamber links to a connector for tubes. This is a rapid-fix 

pneumatic metal connector featuring an o-ring on the thread. It provides excellent sealing. A 

trench and a threaded hole are manufactured in the PMMA main body, to make ensure 

conformal and tight contact (and therefore sealing) between the connector and the device wall. 

 

A trench outside the air chamber is fabricated for the placement of an o-ring. The o-ring is 

needed to improve sealing ability. The trench should be half of the o-ring thickness in depth, 

and slightly smaller than the o-ring in diameter and width. While the o-ring is being placed, it 

Fig.4.5. Schematic illustration of device chamber 

Air	chamber	
Metal	thread	
for	screws	

Trench	and	
rubber	o-ring	

Connector	for	
tubes	
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should be a little bit stretched spherically and compressed along width so as to be fixed at the 

position. When fixing the cap on top, the o-ring should be compressed drastically and no space 

should exist between cap and device. 

 

The threads for screws are made from metal. In a preliminary attempt, threads for screws were 

obtained directly in the PMMA main body, but after fixing/unfixing the screws a few times, 

the threads got significantly damaged. Therefore, a threaded metal sleeve was used to enhance 

the reliability of the device with regards to the task of fixing/unfixing the cap. 

 

Fig.4.6. shows the finished product of the main body of the device.  

 

  

Fig.4.6. Finished product of main body of the device 

Trench	for	rubber	o-ring	

O-ring	

Metal	thread	for	screws	
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4.2.4 Pressure	build	up	and	control	
 

 

For pressure providing system, the syringe is the main air provider. It was used to pump in air 

to a certain value (displayed by the pressure gauge), and close the valve on its side. Then a 

pneumatic cylinder Air Work Pneumatic Equipment) is used to adjust gradually the pressure 

until it reaches the one desired. We used a micrometric screw to move the piston of the 

pneumatic cylinder. The construction of the cylinder is shown in Fig.4.8.  

 

 

 

 

 

Fig.4.7. Actual setup of pressure providing and controlling system 

Valves		

Pressure	gauge		

Syringe		

Micro	screwer		

Compressed	air	cylinder	

Fig.4.8. Construction of the compressed air cylinder 
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For pressure sensing, a pressure gauge from TIF Instrument Inc. is used. The pressure gauge 

measures the pressure in the unit of PSI (1 PSI~ 6.9 kPa). The measuring range is from 0--100 

PSI, with resolution of 0.01 PSI. The hexagonal nut of the pressure gauge must be tightened 

while mounting to the system. An envelope of Teflon tape should also be applied on the thread, 

in order to improve the sealing. 

 

For pressure controlling system, several valves and a micrometric screw is involved. As 

concerns the micrometric screw, this was used not only to push the piston of the compressed 

air chamber cylinder, but also to finitely adjust pressure. Two three-way valves are also used 

to better control the pressure and avoid leakage as much as possible. 

 

One of them is placed at the joint of device and pressure gauge (valve 1), the other is at the 

joint of pressure gauge and the pumping system (valve 2), that is, the syringe and air 

compressed chamber cylinder. During the air-repumping by the syringe when the full range of 

piston runs out, the valve 1 should be closed to the bulge device, pressure gauge and the 

pressure providing system remains linked. While adjusting finitely the pressure, the side of 

syringe should be closed, and after that, the whole pressure providing system should be isolated 

by turning off valve 2. In this way, 

• The chance of leakage from the pressure providing system is minimized during the 

bulge test 

• It is possible to exploit the compressibility range of the pneumatic cylinder repeatedly, 

therefore achieving relatively high pressure build-up despite the limited range of 

motion of the piston in the pneumatic cylinder 
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4.3 Specimen	preparation	and	mounting	
 

 

 

The specimen includes a small piece of sample and a tape to hold it beneath the cap. Tape is 

laser cut to provide precision while attaching the sample to the cap. 

The fabrication on the tape is very important. The tape is a double sided tape, the top side is 

for adhesion to the cap, the bottom side is for sticking the Au/PDMS sample. A central hole 

Fig.4.9. A specimen mounted on the specimen stage of the backside of cap 

Fig.4.10. Laser cut and marked double layer tape 
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with a diameter exactly equal to that of the cap window and a larger, concentric mark are is 

obtained by laser cutting. Fig 4.11. shows the finished tape after laser cut.  

A small Au/PDMS sample should be then mounted on the tape. While peeling out the sample 

from the silicon substrate where it is normally stored, the user should pay extreme care, in order 

to avoid inducing cracks in the deposited Au layer before performing the test. The sample 

should be facing the tape with the Au coated side. 

After all alignment of the specimen, the cap should be closed up by fixing in the screws. Special 

caution should be paid to the storage of the cap while the specimen is mounted on the cap but 

not on the device yet. Mechanical damage and chemical contamination should be avoided. 
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5 Bulge	test	with	in-situ	laser	profilometry	
 

To study crack opening corresponding to strain history of the Au/ PDMS samples, we should 

have control on strain loading. The realization of bulge test device enables an indirect strain 

control by manipulating the applied pressure and constraining the window size. As discussed 

in Chapters 2 and 3, the deflection height of the bulged membrane is a direct consequence of 

internal pressure, but from the bulge equation modelling we can derive the corresponding strain. 

Thus, to understand how the strain loading is controlled, first the pressure/deflection relation 

of a specimen at specific window size has to be addressed. 

 

Bulge tests were performed under a laser profilometer to obtain deformed profiles under each 

specific pressure. By computing the deflection height from the profile and relate it to pressure, 

the desired pressure/deflection relation is obtained. The strain loading control then can be fully 

understood and is ready to apply on the crack opening study under in-situ optical microscopy, 

which will be described in Chapter 6. 
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5.1 Introduction	of	laser	profilometry	[38]	
 

A laser profilometer is generally used for quantitative recognition and recording of micro-

topography of a surface. The working principle of the laser profilometer relies on determining 

the relative distance between the sample surface and the scanning head by searching for the 

focus point of the laser. 

 

The laser is directed to the sample being measured, then reflected. The reflected light is then 

directed to a prism by a beam splitter, after which the laser is imaged as a pair of spots on a set 

of photodiodes that are not arranged at the moment.  

The setup is then arranged. When both diodes are equally illuminating, it indicates the precise 

focus distance from the sample. As a consequence, if the distance between the sample and the 

objective lens changes by a certain amount, the imaged focus point will be changed and the 

illumination of the diodes will no longer be equal.  

 

This results in a focus measurement error that is generated by a differential amplifier. In order 

to perform an accurate measurement, both the spot size and its subsequent light distribution 

must be kept as constant.  

 

A control circuit is used to manage this. It monitors the focus error and moves the objective 

lens according to the feedback changes in the distance between objective lens and sample. The 

objective lens are moved by a coil and magnet arrangement. This -movement is recorded by a 

light barrier measurement system which then yield the change of focal distance over the sample 

surface, that is, the sample topography. 

 

The instrument used in the measurement in this study is an UBM Laser Profilometer. The 

specifications of the particular used instrument read as follows: a linear spot of diameter of 

1µm, a tolerable inclination of ±15°, a measurement range ±500µm, and a vertical resolution  

10nm. The illustration of the measurement principles is shown in Fig.5.1. 
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Figure 1. Illustration of the measurement principle of the UBM laser profilometer. (1) Laser diode, (2) prism with beam splitter, (3) beam
splitter, (4) window, (5) photodiodes, (6) leaf spring, (7) coil, (8) magnet, (9) collimator lens, (10) objective, (11) tube, (12) light barrier
measurement system, (13) measurement object, (14) PC board, (15) microscope with illumination, (16) CCD camera.
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Figure 2. A line scan showing the typical horizontal line (far right) associated with loss of reflectivity due to facets with a high inclination angle.
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Fig.5.1. Illustration of the measurement principle of the UBM laser profilometer. (1) Laser diode, (2) 
prism with beam splitter, (3) beam splitter, (4) window, (5) photodiodes, (6) leaf spring, (7) coil, (8) 
magnet, (9) collimator lens, (10) objective, (11) tube, (12) light barrier measurement system, (13) 
measurement object, (14) PC board, (15) microscope with illumination, (16) CCD camera. 
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5.2 Setup	description	
	
The overall setup is shown in Fig.5.2.  

 

 
  

Fig.5.2. Experimental setup for bulge test with in-situ profilometry  
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5.3 Experiment	Protocol	
 

The experiment is conducted under the following protocol: 

 

1) Setup the bulge test setup as illustrated in Fig.4.1. 

The cap is specially designed and fabricated for the application under laser 

profilometer. Radius of the window is also limited underconsideration of promising 

working distance range. Detail reasoning is illustrated in Section 4.2.2. 

 

2) Check the sealing condition of the device.  

The scanning to obtain the profile of a region of membrane takes relatively long, 

thus the long term stability of the pressure should be ensured before starting the test. 

 

3) Align the experimental setup as illustrated in Section 5.2. 

Make sure that the device is firmly fixed on the working stage. 

 

4) Choose autofocus mode with 400µm*400µm observation window. Bulge the 

sample to 0.15 PSI. Focus on central bulged region. Resolution 2µm in X and 20µm 

in Y. 

Continuous mode performs a scan without tracking the focus, therefore is faster but 

can handle limited height steps.  Data points are lost significantly via this mode. 

Non-continuous (or autofocus) mode automatically tries to track the focus in the 

event. This gets lost from one scanning point to the adjacent one. A single scan lasts 

longer but this mode can handle larger height step, ideally up to 1 mm. Comparison 

of two modes can be seen in Fig.5.3. 

Fig.5.3. Full field of view scan with continuous mode (left, 3min) and autofocus mode (right, 30min) 
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However, non-continuous mode on full-field of bulge window is relatively slow, it 

takes around 30 min to obtain profile for a single pressure value. Nevertheless, only 

the mostly bulged central region is concerned to this study. By observing full field 

topographies in Fig.5.3, one can tell it is safe to keep observation area as 

400µm*400µm and use autofocus mode, for reducing experiment time without 

losing significant data points. 

The interested central region cannot be located while the membrane is at rest. In 

order to determine the concerned region, a small pressure is applied to bulge the 

membrane at first. The central bulged region is obvious and thus can be locked up. 

The resolution is anisotropic because the profilometer is primary intended for line 

profile measurements. Therefore, surface measurements are actually a collection of 

adjacent line profiles with a specific line density. 

 

5) Release the pressure to zero, obtain the first profile data, record as 0 pressure. 

This is the initial data point of our experiment. 

 

6) Increase pressure at interval of 0.05 PSI until it reaches 0.50 PSI, record profile for 

each pressure. 

As we can infer from the pressure/deflection curves shown in Chapter 3, at the 

beginning of the test, a small increment of pressure results in considerable 

deflection. Therefore, experimental data points at small pressure values should be 

denser that at high pressure values. 

 

7) Beyond 0.50 PSI, increase the pressure at interval of 0.10 PSI, until it reaches 1.00; 

record a height profile for each pressure. 
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5.4 Results	and	discussion	
 

5.4.1 Data	post-processing	and	result	discussion	
 

Once the experimental data by in-situ profilometery are available, a sequence of bulged 

membrane topographies can be processed for both imaging and material parameters 

identification purposes (see Figure 5.4). In this study, all the scripts implementing the 

automated post-processing procedure were developed in MATLAB (MathWorks®, US) and 

MATHEMATICA (Wolfram, US) programming environments. 

Deflection height is the desired parameter from the topography, which can be obtained by two 

different post-processing method:  

1.  On one hand, the top of the spherical cap can be identified and the corresponding height 

value can be used as a measurement of the relative deflection. Being a direct 

measurement, this method inherits the level of the accuracy of the equipment itself, 

therefore is expected to be accurate. Nevertheless, height measurements are inherently 

referred to the absolute reference frame of the profilometer at the moment of the scan, 

therefore data can be related to each other only as long as they were acquired with 

reference to the very same fixed Cartesian frame. As a main drawback, this prevents 

the user to adjust the acquisition range in the z-direction during the experiment; 

therefore, great care is required when setting up the experiment, to ensure that the first 

topographies of the sequence lay at the bottom end of the measuring range, in order to 

Fig.5.4. Example of synthesized topography sequence 
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exploit the full range of height measurement across the test. Also, unless a precise 

knowledge of the z-coordinate corresponding to the non-deflected condition of the 

sample is available, height data can only express relative deflection increments and 

cannot be used directly for the purpose of describing the pressure/deflection relation, 

which is inherently non-linear and therefore requires absolute values of deflection.  

2.  Alternatively, topography data can be best-fitted by a function describing a 

hemispherical surface parameterized by the coordinates of the center (𝑥?, 𝑦?, 𝑧?) and the 

sphere radius (𝑅). 

 

𝑧 𝑥, 𝑦 = 𝑧? + 𝑅/ − 𝑥 − 𝑥? / − 𝑦 − 𝑦? / … . (𝐸𝑞. 5.1) 

 

Recalling the trigonometric arguments expressed in equation Eq.5.1, the center deflection can 

be computed making use of the best-fitting radius and the bulge window characteristic 

dimension. The advantage of this method is that the estimation of the deflection is completely 

independent from the absolute reference frame used when performing the profilometry scans. 

This implies that the deflection history can, in principle, be reconstructed by a sequence of 

topographies which do not share the absolute reference frame. This is an observation of 

practical interest, since it means that the user is allowed to change the absolute reference 

acquisition by acquisition, for instance, to maximize the physical surface which will fall within 

the current measuring range in the z-direction. On the other hand, the estimated center 

deflection is sensitive to the quality of the best-fitting step. Therefore, despite the nominal 

accuracy of the profilometer, the reliability of the deflection estimation is expected to be 

relatively poor in the even of high best-fitting residuals or even divergence of the best-fitting 

loop. 

 

In this work, the two aforementioned methods were combined to process the sequence of 

topographies. Firstly, the sequence is best-fitted with spherical surfaces, thus a sequence of 

fitted radius is obtained. As a reference for the details of the best-fitting function, the reader is 

addressed to the documentation of the Issphere.m function belonging to the open library on the 

Least Squares Geometric Elements (LSGE) for MATLAB environment [39]. An example of 

best fitting is shown in Fig.5.5. 
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The fitted radius is then used to calculate corresponding absolute deflection height. The 

deflection value obtained from the first bulged membrane is then set as the reference and first 

value for direct height measurements. The remaining deflection height values are then obtained 

from the relative height from reference. 

 

Noted that, in direct measurement, the maximum deflection height was computed as the 

average height value in a 20µm×20µm observation region which is at the top of the spherical 

cap. This area corresponds to 0.25 % of the whole imaged Field of View. The assumption is 

that, due to the fact that the gradient of the spherical cap surface should be approaching zero at 

Fig.5.5. Example of best-fitting procedure 

Fig.5.6. Result of radius fit data and height measurement data 
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the top of the bulged geometry, averaging over such a small faction of the Field of View only 

results in noise reduction and does not imply underestimation of the top deflection.  

 

Fig.5.6. shows an example result of pressure-deflection behavior obtained from both method, 

one is purely fitted radius computing, and the other is height measurement referenced by a 

single radius fitted data.  

 

As one can observe, the radius fit data shows an unfeasible tiny decline of deflection at pressure 

of 0.7 PSI, which might be due to inaccuracies during fitting. The height measurement data, on 

the other hand, show a more stable and feasible tendency of pressure-deflection 

correspondence which complies with the theoretical modeling. Therefore, the height data curve 

was used to estimate the strain state of the sample. 

 

The deflection-strain conversion can be made through geometry of spherical cap model: 

 

ε¸¹ER¸Fº =
𝑅𝜃 − 𝑎
𝑎 …… (𝐸𝑞. 5.2. ) 

εº¹»FPR¼½ER? = 𝑙𝑜𝑔
𝑅𝜃
𝑎 …… (𝐸𝑞. 5.3. ) 

 

Where R and θ can be referred to in Chapter 3: 

𝑅 =
𝑎/ + ℎ/

2ℎ …… (𝐸𝑞. 3.10) 

𝜃 = 𝑎𝑟𝑐𝑠𝑖𝑛
𝑎
𝑅…… (𝐸𝑞. 3.12) 

 

 

 

 

 



5.	Bulge	test	with	in-situ	laser	profilometry	

	

69	

The computed pressure-strain relation is shown in Fig.5.7. With this pressure-strain 

relationship, the bulge device is now ready to be used for crack opening study under in-situ 

optical microscopy, which will be described in Chapter 6. 
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Fig.5.7. Computed pressure/strain relation 
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5.4.2 Characterization	with	hyperelastic	model	fitting	
 

With the experimental pressure-strain relation under in-situ laser profilometer, the strain 

control from the bulge test device is validated and ready to be applied in crack opening study 

under in-situ optical microscopy.  

 

However, the relation illustrated in previous section is a phenomenological curve which holds 

for a specific bulge window size. This is a severe limitation since 

1.  While the extension of the profilometer measuring range is suitable for bulge window 

sizes not higher than 500 µm in radius, 

2. Bigger bulge windows would ensure a wider top region approaching a vanishing 

gradient at the top of the bulged geometry, therefore ensuring that, when imaging the 

bulged sample at the optical microscope, the portion of the Field of View which lays 

within the depth of field of the magnification objective is maximized  and an overall 

sharper image can be obtained 

 

Furthermore, even when the profilometry equipment were not setting any constraint of the 

height measuring range, performing an in-situ profilometry characterization for each bulge 

window size of interest would be inconveniently time consuming. Indeed, each set of laser 

profilometer experiments requires about 4 hours man-time work. 

 

To address the aforementioned limitation, it is worth recalling that the pressure/strain relation 

can be generalized, if combined with the fitting of the hyperelastic bulge equation derived in 

Chapter 3. Constitutive behavior of the membrane is obtained by fitting the pressure-deflection 

curve to a proper hyper elastic model, thus pressure-strain relation under different window size 

can be predicted. That is to say, by performing a single set of experiment under laser 

profilometer, and fitting the result with hyper elastic bulge modeling, one can perform crack 

opening study under optical microscope with an arbitrary window size, irrespective of the 

actual dimension used when performing the in-situ  profilometry experiment.  
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The fitting of profilometry experimental result to the hyperelastic bulge modeling also enables 

the characterization. Though it is not the goal of this programme, it may be useful for studies 

focusing on this area.  

 

 

Fig.5.8. shows the fitting of the experimental pressure-deflection relation from previous section 

to different hyperelastic bulge models. The Polynomial (N=2) model and the Yeoh model 

provide the best results. The complete overlapping of Polynomial (N=2) and Yeoh model is 

due to the fact that Yeoh hyperelastic model is inherently a specific instance of the Polynomial 

model, thus it is not surprising to see they coincide with each other. The slight underestimation 

of deflection at the beginning period may be interpreted as a consequence of the poor quality 

of the very first data of the acquisition sequence due to a non-flat geometry of the sample at 

rest, which implies an initial height error (see Section 2.6, “Possible sources of error in bulge 

test”) that cannot be quantified by mean of the tools described in this work. 

 

Experimental parameters are obtained by fitting: C10=2.81 kPa, C20=1.84 kPa, C30=0.13 kPa. 

One can reconstruct the pressure-strain relation by the Yeoh hyperelastic bulge equation in 

Chapter 3, merely substituting the window size with a desired one.  

 

Fig.5.8. Fitting of experimental pressure-deflection curve with hyperelastic models 
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For the purpose of characterization, one can obtain the constitutive behavior of the sample in 

Yeoh form as follows: 

𝛹 = 2.81335 𝐼) − 3 + 1.8441 𝐼) − 3 / + 0.131283 𝐼) − 3 e …… (𝐸𝑞. 5.4. )
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6 Bulge	test	with	in-situ	optical	microscopy	
	
It is the original objective of the whole study, to develop an experimental setup and related 

procedure for the in-situ mechanical characterization of the fracture behavior of Au/PDMS 

samples through bulge testing, where in-situ optical microscopy serves as the characterization 

instrument.  

 

 

An inverted microscope is used in our experiment, 20X objective was the maximum 

magnification available. It was enough to observe crack opening evolution upon increasing 

pressure, i.e. increasing the strain of the sample. Crack opening was manually measured by 

mean of the image processing software imageJ, however it is worth mentioning that the 

accuracy of crack opening measurements can be improved in the future if an automatic 

measurement was developed. 
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6.1 Setup	description	
 

The overall setup is shown in Fig.6.2. 

  

A digital camera is mounted onto the microscopy to record in-situ images of cracks opening 

under bulge test. Pixel density is 2048x2048. 

  

 

  

Fig.6.2. Experimental setup for bulge test with in-situ Optical Microscopy 
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6.2 Experimental	Protocol	
 

The experiment is performed under the following protocol: 

 

1) Align the bulge test setup as illustrated in Fig.4.2.2. 

 

2) Align the experimental setup as illustrated in 6.2.  

Make sure that the device is firmly fixed on the stage.  

 

3) Power on camera, tune light to sufficient luminance, locate the bulge window.  

An in-situ monitoring is achieved by camera using continuous capturing mode, i.e., 

the screen is updated continuously. The circular window center should be around 

the center of monitoring screen. 

 

4) Start taking images at zero pressure under each magnification, increase pressure at 

interval of 0.05 PSI until it reaches 0.5 PSI, afterwards increase pressure at interval 

of 0.1 PSI, capture images.  

 

• The sequence used to study cracks opening evolution is under 20X 

magnification. 

• Once the membrane is bulged, the user should try to re-center the image, 

putting the bulged center as center of the observation view.  

• A concentric blurring can be seen while tuning the focus in and out. The 

center of the blurring is the most bulged center of the membrane. The user 

should adjust the stage gently to let the bulged center coincide with the 

image center. In this manner, the most strained region will be imaged and 

ready for further study. 

• Record the sequence and the corresponding pressure. 

 

5) Export images, close the operation software, turn down illumination, unplug camera 

power, demount the bulge test device. 
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6.3 Results	and	discussion	
	

The experiment is performed under two different window size, one is 1mm in diameter, the 

other is 2mm. Two segment of result image sequence for both window sizes are shown below.  

 

The crack opening appearances are relatively different for two cases. As predicted from the 

bulge equation, same pressure will lead to higher deflection, thus higher strain state, 

corresponding to a larger window size. That is to say, cracks will be larger under same applied 

pressure, if window size is larger. 

 

Fig.6.3. Segment of result image sequence for bulge test under in-situ Inverted 
Microscope.(a=500µm) 
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When comparing the optical micrographs by the two experiments, it can be noticed that a larger 

in-focus region, which is more interesting in crack opening study, can be observed with a larger 

window size. It provides more cracks available for further study, while in the smaller window 

case, a smaller in-focus region can only provide limited numbers of clear cracks. 

 

 

Fig.6.4. Segment of result image sequence for bulge test under in-situ Inverted 
Microscope.(a=1000µm) 
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For these reasons, a larger window radius is more applicable as far as a crack opening study is 

concerned. But the latter is not applicable for in-situ profilometry experiments, where the strain 

control mechanism, that is, pressure/strain relation, is obtained. The working distance of the 

laser profilometer used in this project makes it unsuitable to attempt experiments in which the 

bulge window size is higher than 500 µm. Thus, for larger window which may have deflection 

larger than 500µm, the full range pressure-deflection relation cannot be obtained. A direct 

pressure-deflection behavior, or more explicitly, a pressure-strain behavior, is not available 

from experiment with in-situ profilometry, for window size larger than 500µm. 

 

That is to say, for determination of strain control under profilometer, a window with 500µm in 

radius is more desired, while in the crack opening study, a larger window is preferred. 

Hyperelastic bulge modeling can be used to address this need. A detailed illustration with 

corresponding result will be shown later. 

 

Crack opening study is conducted by measuring a crack opening distance using ImageJ 

manually, and record data with respect to corresponding applied pressure. Cracks from the 

most interested region - bulged region are studied. A simple illustration can be seen in Fig.6.5. 

Several cracks are measured within a single image to yield an average crack opening range 

instead of a single data that may be hugely dependent on measurement accuracy. The cracks 

opening distance are related to applied pressure. An example result of crack opening 

measurement is shown in Fig.6.6. 

Fig.6.5. Simple illustration of post-processing of image sequence: crack measuring in ImageJ  
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In Fig.6.6. experimental results for both window size (a=500µm and a=1000µm) are shown. 

The difference between the two curves confirms that the relation between crack opening and 

pressure is window size dependent. A pure applied pressure value does not give any 

information on the strain state of the membrane and thus is not satisfactory for crack opening 

study. To better interpret the result, one should refer to the pressure/strain relation, which is 

obtained from experiment under laser profilometer and fitted with the hyperelastic bulge 

modeling.  

  

One can perform profilometry experiment using a  cap with window size 500µm, and fit the 

experimental pressure-deflection relation to hyper elastic bulge equation for different models. 

A best-fit model then can provide material parameters to construct the constitutive behavior of 

the substrate material. The best-fit set of material parameters then is used in hyperelastic bulge 

equation for a different, larger window size, which is more preferred in crack opening study 

with in-situ optical microscopy. A different pressure-deflection behavior is thus predicted. The 

new predicted pressure-deflection behavior is used to yield the pressure-strain relation through 

Fig.6.6. Crack opening VS Pressure for both window size 
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geometry control of spherical cap model. At last, the crack opening-pressure relation can be 

converted into crack opening-strain relation, which is more meaningful desired in crack 

opening study. 

 

 Fig.6.7. shows the computed relation between crack opening distance and strain for 

both window size (a=500µm and a=1000µm). The two sets of experimental data 

collapse to each other, while in Fig.6.6 they split with respect to pressure. The results 

show the independence on window size of the crack opening evolution corresponding 

to increasing strain, which coincide with general crack opening behavior of the material. 

This result can proves that the experimental setup developed in this project can be used 

in crack opening study of metal thin film on polymer substrate. 

 

Fig.6.7. Computed Crack opening VS Strain for both window size 
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7 Conclusion	and	Recommendations	
	

7.1 Thesis	Conclusion	
This thesis is about the development of an experimental setup for the in-situ mechanical 

characterization of metal thin films on polymer substrates through bulge testing. 

In the first chapter, basics of stretchable electronics are introduced. Gold on PDMS is one of 

the most popular configuration for stretchable electronics studies, and it is the main sample 

used in this programme. Chapter 1 also illustrates the material choice. 

	
In Chapter 2, theoretical principles of bulge test are presented. The derivation of bulge 

equations for different window shapes is illustrated. The bulge equations are constructed 

mainly for linear elastic materials, which does not comply to the used sample for stretchable 

electronics in this programme. 

 

In Chapter 3, under assumption that mechanical properties mainly depend on PDMS, 

constitutive behavior of the polymer is considered as an affecting factor for bulge equation. 

Hyperelastic bulge modeling is constructed, bulge equation is rewritten into hyperelastic forms, 

taking into consideration of polymer properties. Several constitutive hyperelastic models are 

used to build up the hyperelastic bulge equation: Arruda-Boyce form, Mooney-Rivlin form, 

Neo-Hookean form, Polynomial form and Yeoh form. 

 

In Chapter 4, the manufacturing procedure of the bulge test device and the experimental setup 

are illustrated in details. The setup uses air as pressure source, syringe and micrometric screw  

as compressor to build up pressure. Cap and chamber are specially designed and fabricated 

under the consideration of practicality and good quality of sealing. 

 

In Chapter 5, bulge test with in-situ laser profilometry is illustrated. Setup is described, 

experiment protocol is presented. The goal of bulge test experiment under profilometer is to 

obtain the pressure/strain relationship of the sample, such that the mechanism can be applied 

to crack opening study under optical microscopy. But the experiment setup can be used also 

for characterization of metal thin films on polymer substrates, combining hyperelastic bulge 

equation modeling. An example of the experiment and the result is presented in this chapter, 
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indicating the feasibility to use this setup for both the identification of the pressure/strain 

relationship and the mechanical characterization of the material.  

 

In Chapter 6, bulge test under in-situ optical microscopy is illustrated. Setup is described, 

experiment protocol is presented. It is the goal of this project, to study crack opening of metal 

thin film on polymer substrate, example experiment result shows the feasibility to achieve this 

goal through the experiment setup developed in this programme.  

 

In Chapter 7, thesis conclusion will be presented to summarize up the whole outline of the 

thesis. Conclusion outline of the experimental setup for the in-situ mechanical characterization 

of metal thin films on polymer substrates through bulge testing is presented. Advantages and 

disadvantages of the in-situ laser profilometry and optical microscopy are discussed briefly. At 

last, recommendations and future perspectives are discussed. 
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7.2 Conclusion	on	the	experimental	setup	
 

The main target of this project is to conduct crack opening study of gold on PDMS through 

bulge test. A detail fabrication procedure of the bulge device and its pressure providing and 

controlling components are illustrated in Chapter 4. The bulge test should be setup under the 

guidance in Chapter 4 before further usage under in-situ experimental instruments. 

 

The aligned bulge test setup is then used in combination with a laser profilometer, under 

experimental guidance in Chapter 5. A 400µm×400µm observation region is determined, under 

autofocus mode, to obtain adequate data points within reasonable time. The laser profilomettry 

yields result as sequence of topographies corresponding to increasing bulge pressure. To post-

process the result, topographies are first chopped into smaller region to get rid of noise which 

typically appears at the edges of the profile due to the limited capability of the setup to cope 

with surfaces at an angle higher than 15°; then best fitted in Matlab with a spherical cap surface. 

Fitted deflection height is calculated through fitted radius values. The first fitted deflection 

height is used as the reference of direct height measurement, and the lateral deflection height 

is obtained with respect to this reference. The pressure-deflection relation is obtained using 

post-processed experimental data. It can be fitted with hyperelastic bulge equation derived in 

Chapter 3, such that material parameters are known. With this set of parameters, either material 

characterization, or prediction of pressure/deflection behavior with different window size can 

be achieved. Once the pressure/deflection behavior is known, either experimentally or by best 

fitting, the result can be used the express the crack opening evolution (imaged by means of in-

situ optical microscopy) with respect to the strain rather than the chamber pressure under in-

situ optical microscopy. 

 

With the known strain control mechanism, the aligned bulge test setup is ready to be used under 

optical microscope under experimental guidance in Chapter 6. 20X objective was the 

magnification level to focus on. The image sequences are post-process using ImageJ. Crack 

opening is measured manually as increasing displacement under increasing applied pressure. 

Pressure is converted into strain using the pressure-strain relation obtained in profilometer. 
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7.3 Advantages	and	disadvantages	of	in-situ	laser	
profilometry	and	in-situ	optical	microscopy	

	
 

In-situ laser profilometry 

 

In-situ profilometry experiment of bulge test can give topographies under each pressure value 

directly. It yields intuitive results that can be interpreted in different ways. Deflection height 

of the bulged membrane is easily obtained, as long as a proper common reference frame is set. 

 

But without a reference, all measured height data are only relative values that are not useful in 

the bulge study. Setting this reference is not an easy task. A radius fitted data point is used as 

the reference, which reduces a bit the intuition of the result. A full-field autofocus scanning is 

relatively time consuming, so the observation view is focused on the mostly bulged region. The 

interested region is detectable only when the membrane is already bulged. This increases the 

complexity of experimental operation. The experiment also has strict limitation on the device 

features: leakage should be completely avoided, the window size should be small enough to 

yield deflection height within the working distance. 

 

In-situ optical microscopy 

 

In-situ optical microcopy experiment of bulge test can give images of crack opening under 

each pressure directly. Crack opening quantification is rather convenient by conducting direct 

measurement of the intuitive cracks on the images. 

 

However, the accuracy of the result depends hugely on the precision of manual measurement 

conducted by the user, which induce uncertainty thus affecting the result reliability. 



7.	Conclusion	and	Recommendations	

	

85	

7.4 Recommendation	and	future	perspectives	
	

The final result in Chapter 6 on the crack opening study of gold on PDMS shows the feasibility 

of the experimental setup developed in this thesis to be used for the purpose of crack opening 

study. The experimental setup can be better improved by developing the pressure providing 

system with a more sensitive sensor linked to PC that can monitor and control a micro-step 

syringe to compress or release air. The valves can be fabricated with metal instead of plastic, 

to give even better sealing. 

 

An automatic quantification of crack spacing with respect to strain level can be developed, as 

next step of crack opening study under optical microscopy through bulge test. That would 

provide a mean not to introduce measurement inaccuracies inherited by the p 

 

The results in Chapter 6 also prove the reliability of the hyperelastic bulge modeling developed 

in this thesis. Thus the bulge test device under in-situ profilometry can be used as an alternative 

method for characterization of thin film mechanical properties. Results are obtained from 

fitting the hyperelastic bulge equations.  

 

With the usage of hyperelastic modeling from Chapter 3, crack opening study can also be 

conducted combining a uniaxial tensile test and optical microscopy observation. Fitting the 

result from uniaxial tensile test to hyperelastic models also gives material parameters, which 

can be used to construct the hyperelastic bulge equations. In such way, strain control 

mechanism upon the exactly same material can also be known, not from the bulge test with in-

situ profilometry, but from uniaxial tensile test. Crack opening study can then be conducted in 

such manner. It saves more time, comparing to laser profilometer, but since the behavior in 

equi-biaxial stress conditions would be then computed rather than measured, the level of 

uncertainty in the prediction of the pressure/deflection behavior would be higher as compared 

to the case in which the material parameters are estimated by fitting experimental data on the 

equi-biaxial stress response directly. 
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