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A micro-scale 3D deformation measurement method combined with optical microscope is proposed in this paper.

The method is based on gratings and phase shifting algorithm. By recording the grating images before and after

deformation from two symmetrical angles and calculating the phases of the grating patterns, the 3D deformation

field of the specimen can be extracted from the phases of the grating patterns. The proposed method was applied

to the micro-scale bulge test. A micro-scale thermal/mechanical coupling bulge-test apparatus matched with the

super-depth microscope was exploited. With the gratings fabricated onto the film, the deformed morphology of

the bulged film was measured reliably. The experimental results show that the proposed method and the exploited

bulge-test apparatus can be used to characterize the thermal/mechanical properties of the films at micro-scale

successfully.

© 2017 Elsevier Ltd. All rights reserved.
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. Introduction

With increasing applications of thin films in many areas [1–4] , the

echanical property characterization of thin films is crucial. Conven-

ional applied methods, such as the wafer curvature method based on

he Stoney’s formula and the nano-indentation method [5,6] , have been

pplied to characterize the mechanical properties of the thin films. Al-

hough the wafer curvature method is easy to implement and applied to

easure the residual stress of the films, it’s hard to extract other prop-

rties of the films. The nano-indentation test can be used to characterize

he elastic-plastic properties of the film, but influences of substrates can’t

e eliminated. So the above mentioned methods have limitations for the

echanical properties characterization of thin films. 

To characterize the mechanical properties of free-standing films,

icro-tensile test and bulge-test were developed. The micro-tensile test

an measure the intrinsic properties of the films directly and constitu-

ive behaviors with the increasing load applied [7] . Sharpe et al. pro-

osed a micro-tensile test technique, which can measure the strain of

ree-standing films in micro-region based on the optical interferometric

train gauge method [8] . The strain can be exactly obtained with the

nterferometric method. Li et al. proposed a compact in situ micro ten-

ile apparatus together with the scanning electron microscope (SEM) to

haracterize the mechanical properties of the free-standing films [9] . In

his method gratings were fabricated on the films by focused ion beam

illing, and the strain field can be extracted by the fabricated gratings.
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he advantage of the SEM scanning moiré method is full field deforma-

ion measurement compared with optical interferometric strain gauge

ethod. 

Even though the micro-tensile test methods can satisfy the demand

or the mechanical characterization of the free-standing films, some spe-

ial requirements cannot be perfectly fulfilled, such as the measurement

f polymer films. When buckling is more likely to occur [10] , the out-of-

lane displacement will bring difficulty to the measurement. Compar-

tively, bulge-test methods are more competent [11–13] . The mechan-

cal properties of the film are determined from the related pressure-

eflection theory [14–16] . 

The critical technique of the bulge-test method is the characteri-

ation of the out-of-plane deflection of the films [17] . Especially, for

icro-scale bulge-test, the 3D deformation characterization is challeng-

ng [18,19] . Many research works have been carried out to provide tech-

iques to characterize the 3D deformation in micro/nano scale [20] .

he microscopic 3-D displacement field measurement by digital image

orrelation method has been proposed and the speckle patterns were

btained by two CCD cameras of the stereomicroscope [21] . Shi et al.

22] have proposed the fringe projection combined with the digital im-

ge correlation method to characterize the out-of-plane deformation of

mall objects. Wu et al. [23] characterized the 3D deformation of thin

lms in SEM by grating based method. 

Even though the digital image correlation method is widely used

n the measurement field, the image distortion induced from the mi-
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Fig. 1. A schematic of the basic principle of the proposed 3D deformation measurement method: (a) two symmetric CCDs are used to capture the grating images before and after

deformation; (b) the point p moves to p ́and the number 1 and 2 corresponds to the light path of camera 1 and 2; (c) the deformed grating images obtained by two CCDs.
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e  
roscopy imaging system will bring significant error to this method. This

rror is especially prominent for optical microscope due to small depth

f field. So evaluation and elimination of errors are required, which is

elatively complicated. 

In this paper, we demonstrate a 3D deformation measurement

ethod to characterize the deflection of the micro-scale bulge-test.

hich is integrated with the super-depth microscope. The 3D displace-

ent fields of the deflected film were obtained, more than the mor-

hology obtained by the white light interferometer [13] . This method is

ased on the grating based measurement method and the digital phase

hifting technique. Compared with the SEM digital image correlation

ethod [18] , the grating based measurement method [24,25] is less

ffected by image distortion and drifting. With the proposed method,

hermal/mechanical coupling bulge-test to the polyimide films was per-

ormed. The results indicate the feasibility of this method. 

. Theoretical background

.1. Basic principles 

The proposed method is based on gratings, so micro/nano-gratings

eed to be fabricated on the specimen before deformation. It is assumed

hat the specimen grating is uniform and the pitch is d , and the fringe

s parallel to the y axis. The gratings along the x axis can be expressed

y Fourier series as [26] : 

 = 𝐴 0 +
∞∑
𝑛 =1 

𝐵 𝑛 cos 
2 𝜋𝑛 
𝑑

𝑥 + 

∞∑
𝑛 =1 

𝐶 𝑛 sin 
2 𝜋𝑛
𝑑

𝑥 (1)

here I is the intensity of the specimen gratings, A 0 , B n , C n are con-

tants, which can be determined from the fringe profile of the gratings.

t is assumed that the specimen surface is flat before deformation. In

ur testing system, there are two digital cameras symmetric about the

ormal direction of the specimen surface ( Fig. 1 (a)). It should be noted

hat in this method the specimen is in micro-scale and far less than the

istance from the CCD to the specimen surface. So it is approximately

egarded that the two CCDs are symmetric about the normal of every

oint on the specimen surface. The approximation will bring slight de-

iation to the measurement, which will be discussed later in the text. 

Due to the CCD is oblique to the specimen grating, the pitch of the

rating image obtained by the two CCDs is d ́= d cos 𝜃. When the specimen

eformed and the point p moves to p ́ ( Fig. 1 (b)), the displacement of

he corresponding point p ́ in the grating image ( Fig. 1 (c)) obtained by

amera 1 is u − h tan 𝜃 ( Fig. 1 (b)). So the coordinate of p ́ x 1 = x − h tan 𝜃+ u .

he displacement by camera 2 is h tan 𝜃+ u . The corresponding coordinate
191
f p ́ is x 2 = x + h tan 𝜃+ u . So the grating intensity obtained by the two

ameras is expressed as: 

 

 

 

 

 

 

𝐼 1 = 𝐴 0 +
∞∑
𝑛 =1 

𝐵 𝑛 cos 
2 𝜋𝑛 
𝑑 ′

𝑥 1 +
∞∑
𝑛 =1 

𝐶 𝑛 sin 
2 𝜋𝑛
𝑑 ′

𝑥 1

𝐼 2 = 𝐴 0 +
∞∑
𝑛 =1 

𝐵 𝑛 cos 
2 𝜋𝑛 
𝑑 ′

𝑥 2 +
∞∑
𝑛 =1 

𝐶 𝑛 sin 
2 𝜋𝑛
𝑑 ′

𝑥 2

(2)

Here the two cameras are regarded as exactly the same, so the coef-

cients of the two formulas in Eq. (2) are the same. From Eq. (2) , the

n-plane displacement in x direction and out-of-plane displacement are

ncluded in the deformed grating images. u and h are related with the

hases of the gratings. To extract the two components, the phases of

he gratings are to be calculated. Digital moiré method was applied in

he process to extract the phase information. Firstly, digital reference

rating was generated by the computer program. The generated grat-

ng fringes are parallel to the y axis and the intensity of the sinusoidal

rating can be expressed as: 

 0 = 𝑎 0 + 𝑏 0 cos 
2 𝜋
𝑑 0 

𝑥 + 𝑐 0 sin 
2 𝜋
𝑑 0 

𝑥 (3)

here a 0 , b 0 , c 0 are constants, and d 0 is the pitch of the reference grat-

ngs. After superimposing the reference gratings with the specimen grat-

ng image obtained by camera 1, the results I ́ is obtained: 

 

′ = 𝐼 0 𝐼 1 = 𝑎 0 𝐴 0 + 𝑏 0 𝐴 0 cos 
2 𝜋
𝑑 0 

𝑥 + 𝑐 0 𝐴 0 sin 
2 𝜋
𝑑 0 

𝑥 + 𝑎 0

∞∑
𝑛 =1 

𝐵 𝑛 cos 
2 𝜋𝑛
𝑑 ′

𝑥 1

+ 𝑎 0

∞∑
𝑛 =1 

𝐶 𝑛 sin 
2 𝜋𝑛 
𝑑 ′

𝑥 1 + 

1 
2 
( 𝑏 0 𝐶 1 − 𝑐 0 𝐵 1 ) sin

[ 
2 𝜋
𝑑 ′

𝑥 1 − 

2 𝜋
𝑑 0 

𝑥

] 

+ 

1 
2 
( 𝑏 0 𝐵 1 + 𝑐 0 𝐶 1 ) cos

[ 
2 𝜋
𝑑 ′

𝑥 1 − 

2 𝜋
𝑑 0 

𝑥

] 
(4)

+ 

1
2 

∞∑
𝑛 =2 

( 𝑏 0 𝐶 𝑛 − 𝑐 0 𝐵 𝑛 ) sin
[ 
2 𝜋𝑛 
𝑑 ′

𝑥 1 − 

2 𝜋
𝑑 0 

𝑥

] 

+ 

1
2 

∞∑
𝑛 =2 

( 𝑏 0 𝐵 𝑛 + 𝑐 0 𝐶 𝑛 ) cos
[ 
2 𝜋𝑛 
𝑑 ′

𝑥 1 − 

2 𝜋
𝑑 0 

𝑥

] 

+ 

1
2 

∞∑
𝑛 =1 

( 𝑏 0 𝐶 𝑛 − 𝑐 0 𝐵 𝑛 ) sin
[ 
2 𝜋𝑛 
𝑑 ′

𝑥 1 + 

2 𝜋
𝑑 0 

𝑥

] 

+ 

1
2 

∞∑
𝑛 =1 

( 𝑏 0 𝐵 𝑛 + 𝑐 0 𝐶 𝑛 ) cos
[ 
2 𝜋𝑛 
𝑑 ′

𝑥 1 + 

2 𝜋
𝑑 0 

𝑥

] 
(4)

It can be seen that the second line of Eq. (4) is the original refer-

nce and specimen grating structures. If d 0 approximately equals to d ́,
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Fig. 2. A schematic of the 3D measurement principle integrated with the optical micro- 

scope.
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/ d ́− 1/ d 0 ≈0. The frequency of the term expressed by the third line is

uch lower than the gratings. This term represents the moiré fringe sys-

em. The fourth and fifth lines are the multiplicity of the moiré fringes.

he moiré fringe term can be thought as the fundamental frequency sig-

al, and the rest terms the high frequency noise. For geometric moiré,

hether the noise can be detected or not depends on the resolution of

he detecting system. Due to the digital generated gratings were applied

o form the moiré fringes, the noise can be distinguished from the moiré

ringes. Thus filtering noise is a necessary step during fringe process-

ng for this method. Assuming that high frequency terms in Eq. (4) are

ompletely filtered out, the moiré fringes I m 

can be expressed as: 

 

 

 

 

𝐼 1 
𝑚 
= 𝐴 cos 

[ 
2 𝜋
𝑑 ′

𝑥 1 − 

2 𝜋
𝑑 0 

𝑥 + 𝜑 0

] 
𝐼 2 
𝑚 
= 𝐴 cos 

[ 
2 𝜋
𝑑 ′
𝑥 2 − 

2 𝜋
𝑑 0 

𝑥 + 𝜑 0

] (5)

here A is the amplitude of the fringes and 𝜑 0 is the initial phase. To ob-

ain the displacement information included in Eq. (5) , multi-step phase

hifting method was used. Take four-step phase shifting as an example,

nd the phase 𝜑 of the fringe pattern can be obtained by: 

 = arctan 
𝐼 4 − 𝐼 2
𝐼 1 − 𝐼 3

(6)

In Eq. (6) , I 1 I 2 , I 3 and I 4 are the shifted fringes with step of 0, 𝜋/2,

and 3 𝜋/2, respectively. With the digital phase shifting method, the

hases of the moiré fringes expressed by Eq. (5) are solved as: 

 

 

 

 

 

𝜑 1 = 

2 𝜋
𝑑 ′

( 𝑥 − ℎ tan 𝜃 + 𝑢 ) − 

2 𝜋
𝑑 0 

𝑥 + 𝜑 0

𝜑 2 = 

2 𝜋
𝑑 ′
( 𝑥 + ℎ tan 𝜃 + 𝑢 ) − 

2 𝜋
𝑑 0
𝑥 + 𝜑 0

(7)

Consequently, the out-of-plane displacement h can be obtained by

liminating the unknown terms u in Eq. (7) : 

 = 

(
𝜑 2 − 𝜑 1

)
𝑑

4 𝜋 tan 𝜃 sec 𝜃
(8)

Eq. (8) gives out the expression for the out-of-plane displacement.

rom Eq. (8) , the out-of-plane displacement can be estimated from the

hases of the gratings. So the key point is calculating of the grating

hases. 

.2. Accuracy analysis 

It has been assumed the two CCDs are symmetric about the normal

irection of the specimen surface. Because the view field is in micro-

cale and far less than the distance from the CCD to the specimen sur-

ace, 𝜃 is approximately equal at each point. The error from this ap-

roximation can be estimated as follows: assuming that the diameter of

he specimen is 100 μm, the distance from the specimen surface to the

maging target is estimated 200 mm, and 𝜃 is 45° From the center to the

dge of the specimen, △tan 𝜃 (the variation of the tangent value of 𝜃) is

stimated 1.4 ×10 − 3 . From Eq. (8) , the error to h : 

ℎ 1 =
(
𝜑 2 − 𝜑 1

)
𝑑(1 + sin 2 𝜃)

4 𝜋 tan 𝜃 sin 𝜃
Δ𝜃 (9)

h 1 represents the error induced by deviation of 𝜃. The relative error

h 1 / h ≈△𝜃/tan 𝜃 and approximates 1.4 ×10 − 3 . So the error induced

y neglecting the deviation of 𝜃 is very small. 

From Eq. (8) , the error of h mainly comes from the uncertainty of

he calculated phase 𝜑 . If the high frequency terms in Eq. (4) have not

een filtered out completely during the fringe processing, it would bring

isturbance to the calculating of the moiré fringe phases. Appropriate

ltering windows need to be selected to filter out the noise. It has been

laimed that the phase shifting method has the displacement sensitivity

f 1/100 of the grating pitch [27] . The error of h comes from the phase

hifting algorithm can be expressed as: 

ℎ 2 =
(Δ𝜑 2 − Δ𝜑 1 ) 𝑑

(10)

4 𝜋 tan 𝜃 sec 𝜃 c  

192
The displacement of one grating pitch represents one order moiré

ringe, so △𝜑 1 = △𝜑 2 ≈2 𝜋/100. The relative error △h 2 / h induced

y the phase shifting algorithm can be estimated from Eq. (10) .

h 2 / h = ( △𝜑 2 - △𝜑 1 )/( 𝜑 2 - 𝜑 1 ). It is worth noting that due to the moiré

ringe numbers increase with the grating frequency at the same defor-

ation field, and the relative error is decreasing with the increase of the

rating frequency. 

. Method description

.1. The 3D measurement method for bulge-test 

The proposed 3D measurement method applied for micro-scale

ulge-test is based on optical microscope, it has been noted that the mea-

urement is based on two cameras of symmetric angles on the specimen

 Fig. 1 ). This can be achieved by tilting the specimen symmetrically, and

ransforming the relative angle between the optical path of the micro-

cope and the specimen surface. During the movement of the specimen,

 marker was captured and kept at the center of the view field ( Fig. 2 ).

he grating patterns were captured at two symmetric tilting angles 𝜃0 

nd - 𝜃0 . 

To fulfill the tilting of the specimen, a self-developed apparatus pro-

iding arbitrary angle from 0 to 90° was applied ( Fig. 3 (a)). For every

oad step, two grating images observed at two symmetric tilting angles

ere captured ( Fig. 3 (b)). 

.2. Apparatus 

A schematic of the designed micro-scale bulge-test system integrated

ith the microscope is shown in Fig. 4 (a). The system is comprised of

our parts, including the air bump, control box, bulge-test chamber and

he super-depth microscope (KEYENCE VHX-500FE). 

The air bump can be manipulated manually and the inflation speed

s controlled by the valve of an air bag situated in the control box

 Fig. 4 (a)). The control box is in charge of the pressure and tempera-

ure of the chamber during the experiment. The pressure transducer is

n the range of 0 ∼500 kPa. The bulge-test chamber is cylindrical, and the

nner diameter and the height are 71 mm, 60 mm respectively. There is

 heating element (220 V, 100 W, 25 ×30 mm 

2 ) placed in the bottom of

he chamber. The temperature of the chamber can reach 190 °C, which

an be measured by the thermocouple. A circular copper plate with a

hrough hole was placed in the upside of the chamber and sealed with

he chamber by the silicone rubber ring ( Fig. 4 (b)). The thermal con-

uctivity of the copper plate is good and the heat can be transmitted to

he film rapidly. The sealing is maintained by the mating threads of the

ap on the chamber. Pre-tightening force was imposed to the cap on the

hamber before experiment. 

Before conducting the bulge-test experiment, the gratings were fabri-

ated on the polymer film on metal substrate, which was processed with
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Fig. 3. (a) A schematic of the bulge-test chamber placed on the tilting apparatus; (b) The displacement of the particle on the film of different tilting angle. 

Fig. 4. (a) A schematic of the bulge-test system, (b) the cross section of the bulge-test chamber marked by the dashed box shown in (a). 
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hrough holes. Then the substrate with film was adhered to the copper

late by high temperature adhesive. 

.3. Sample preparation 

The tested polyimide films are frequently used in many fields, e.g.

s the substrate material of flexible circuits, and have excellent heat re-

istant performance superior to other polymer films. In service process

f the polyimide films, heat is inevitably produced and may affect the

echanical properties of the polyimide films. So it’s necessary to char-

cterize the mechanical properties of films under thermal/mechanical

oupling environment. 

The moiré deflectometry has been applied for the measurement of

olymer films [28] . The principle of this method is deflection of inco-

erent collimated light and the light path arrangement is relative simple

ompare with interferometry. However, this method is limited to micro-

cale measurement. 

The non-interferometric method applied to the micro-scale measure-

ent here is based on the grating measurement method. The sample

reparation process includes: Firstly, the silicone pressure sensitive ad-

esive is uniformly coated on the polyimide film. Because the thickness

f the adhesive is within a few micrometers, and the adhesive is not com-

letely solidified, the influence of the adhesive to the film is neglected.

he polyimide film is carefully pasted onto the metal substrate. The

ubstrate is drilled with a through-hole (diameter 450 μm) beforehand

nd then polished to specular gloss to avoid air leakage of the bulge-

est. The bonding of the film and the metal substrate by the adhesive is

trong enough in the measured pressure range (0 ∼100 kPa). It would be
193 
roven in the following content that the interface delamination has not

aken place in the measured pressure range. At the same time, it should

e noted that the adhesive can withstand the tested temperature in the

xperiment. 

The critical step for the grating based measurement method is

he grating fabrication. Grating fabrication techniques include holo-

raphic interferometry, nanoimprint, focused ion beam milling, et al.

24,25,29] . Each of these approaches has its advantages and disadvan-

ages. Holographic interferometry is efficient but the light path is com-

lex relatively. Nanoimprint brings residual photo-resist, which is not

roper for application of films. 

Here photolithography was applied to fabricate gratings on the poly-

er films. Firstly the photo-resist was spinning coated on the surface of

he film, and the thickness of the photo-resist film is less than 1 μm.

fterwards, a photolithography process was conducted to duplicate the

0 lines/mm gratings on the copper template to the photo-resist film.

ig. 5 (a) and (b) show the grating fabrication process. From Fig. 5 (d)

here was no photo-resist residual in the developed area. It is regarded

hat the influence of the photo-resist on the polyimide film can be ne-

lected. 

.4. Bulge-test experiment 

The bulge-test system is shown in Fig. 6 . The pressure and temper-

ture value of the chamber are displayed on the control box. The poly-

mide films were tested by the bulge-test system at room temperature

25 °C) and 150 °C respectively. The gratings (photo-resist) on the film

ould bear the test temperature. For high temperature measurement, the
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Fig. 5. The gratings fabrication process, (a) and (b) the photolithograhpy process, (c) and (d) the gratings (80 lines/mm) observed by the optical microscope (tilting angle 30°) and SEM 

(tilting angle 30°) respectively. 

Fig. 6. The bulge-test system, including a control box, an air bump, a microscope and a 

bulge-test chamber. 
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ir was pumped after the temperature arrives to the set values. The tem-

erature of the specimen is almost not influenced during the inflation.

he inflation speed was controlled by the valve and the pressure was

ncreased slowly. The proper magnification of the microscope for the

easured specimen is set at ×200. The pitch d ́ of the captured grating

mages are 12 pixels, thus the frequency of the grating is 1/12. Due to

he obliquity of the specimen, the specimen was out-of-focus and with

he super-depth synthesis function of the microscope, clear images of

he bulged membrane were obtained with the stepping motor of the mi-

roscope. In this experiment, the tilting angles were set at 30° and − 30°.
194 
. Results and discussions 

Two grating images captured during the experiment are shown in

ig. 7 (a) and (b). The specimen is kept at 25 °C and tested at pres-

ure from 0 to 100 kPa. It can be seen that excellent contrast were

ormed. With the proposed three-dimensional deformation measure-

ent method, the displacement information can be extracted from the

rating images. The corresponding moiré fringe patterns formed by the

uperposition of the specimen gratings on the reference gratings (the

itch d 0 is 11 pixels) are shown in Fig. 7 (c) and (d). The fringe patterns

ere processed with Gaussian blurring to filter high frequency terms.

ight step phase-shifting was applied to calculate the phase of the grat-

ngs and the step is 𝜋/4. The accuracy is improved by increasing the

hifting steps. With the calculated phase of the grating at tilting angle

0° and − 30°, the bulge deflection of the membrane can be obtained

rom Eq. (8) . 

The moiré fringes obtained from 0 to100 kPa are shown in Fig. 8 . It is

bvious that the curvature of the fringes is increasing with the load. The

isplacement of the film is visualized by the moiré fringes. It has been

laimed that the displacement accuracy of the phase shifting method is

/100 of the grating pitch [27] . The grating pitch is about 12 μm, so the

isplacement accuracy estimated from Eq. (10) is 0.18 μm. 

The calculated bulge deflection of the membrane at 25 °C and

00 kPa is shown in Fig. 9 . It should be noted that in the measured pres-

ure range, the interface between the film and the metal substrate has

ot delaminated. It has been repeatedly tested in the range of 100 kPa,

nd confirmed that delamination has not taken place. When the pres-

ure was increased further, delamination would take place. From Fig. 9 ,

ubbles occurred around the hole of the bulge-test when the pressure

as increased to 140 kPa, indicating that the interface delamination be-

ween the film and the substrate. 

From the measured bulge profile, the maximum deflection can be de-

ermined. For the bulge-test membrane, the bulge deflection is used for

he evaluation of the mechanical properties of the film. The relationship
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Fig. 7. (a) and (b) are the grating images obtained during the experiment at tilting angles 30° and − 30° respectively; (c) and (d) are the corresponding digital moiré fringes of (a) and 

(b). 

Fig. 8. The digital moiré obtained at pressure: (a) 0 kPa, (b) 40 kPa, (c) 80 kPa, (d) 100 kPa. 

195 
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Fig. 9. The measured bulge deflection of the polyimide film at 25 °C and pressure 100 kPa.

Fig. 10. The occurrence of the bubbles at pressure of 140 kPa.
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i  
f the bulge-deflection, the geometrical parameters and the mechanical

roperties (Young’s modulus and Poisson’s ratio) is established based on

he hemispherical cap model of the bulged film [30] . It is assumed that

he film was in a plane before the pressure is imposed. The radial stress

r in the isotropic film is: 

𝑟 = 

𝑃 𝑟 2 

4 ℎ max 𝑡
(11)

here P is the pressure imposed to the film, and r is the radius of the

ulged film, h max is the maximum deflection of the film and t is the

hickness of the film. The radial strain was deduced as: 

 𝑟 = 

2 ℎ 2 max
2 (12)
3 𝑟 

Fig. 11. The profiles across the center-line of the bulg

196
From the tensile test conducted to the polyimide film, the stress-

train curve of the polyimide film approximates linear at initial segment.

t has been evaluated from Eq. (11) the stress of the film at maximum

ressure 100 kPa is in the approximate linear segment, so the linear

lasticity model was applied to simplify the problem. The constitutive

quation can be expressed as: 

𝑟 = 𝑀 𝜀 𝑟 + 𝜎0 (13)

here M = E /(1 − μ), and is the biaxial modulus. E and μ are the elastic

odulus and Poisson’s ratio. μ is known to be 0.34. (thought as known

nd is 0.34.) 𝜎0 is the initial radial residual stress in the film. It can be

btained from above equations: 

 = 𝑀 

8 𝑡
3 𝑟 4 

ℎ 3 max +
4 𝑡 𝜎0
𝑟 2 

ℎ max (14)

For the study of this paper, the residual stress 𝜎0 at the initial state

s regarded as 0. So Eq. (8) was simplified as: 

 = 𝑀 

8 𝑡
3 𝑟 4 

ℎ 3 max (15)

From Eq. (8) , the maximum deflection can be obtained through cal-

ulating the phases of the gratings. With the pressure monitored from

he control box, the elastic modulus can be measured. 

The bulged deflection ( Fig. 9 ) from 20 kPa to 100 kPa can be mea-

ured with Eq. (8) , and the profile across the center-line of the bulged

lm measured with the proposed method is shown in Fig. 11 . The

aximum deflection h max of the bulged film can be extracted. From

ig. 11 , the deflection is increasing with the growth of the pressure.

ith Eq. (15) , the biaxial modulus can be calculated from the maxi-

um deflection. Then the elastic modulus can be estimated. 

The experimental result for the elastic modulus tested at 25 °C and

50 °C is shown in Fig. 12 respectively. It can be seen that the measured

lastic modulus of the polyimide film at 150 °C is less than that at 25 °C.

he average value of the elastic modulus is 0.94 Gpa at 25 °C, and is

.68 Gpa at 150 °C, indicating that the elastic modulus of the polyimide

lm is lowered relatively at 150 °C. 

The elastic modulus of the polyimide film from tensile test is about

.9 GPa. It has been declared that the working temperature of the poly-

mide film can withstand more than 200 °C in the previous reports.

evertheless, the mechanical property is reduced inevitably at 150 °C

rom the experimental result. The elastic modulus is reduced by 27% at

50 °C compared with that at 25 °C. In some cases, this level of decline of

he mechanical properties may affect the performance of the polyimide

lms. 

. Conclusions

A micro-scale 3D deformation measurement method based on grat-

ngs and the optical microscope is proposed and applied to the bulge-test
ed film, (a) tested at 25 °C, (b) tested at 150 °C.
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Fig. 12. The measured elastic modulus of the polyimide film at 25 °C and 150 °C.
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o characterize the mechanical properties of the thin films. A micro-

cale bulge-test apparatus was exploited. Thermal/mechanical coupling

ircumstance was incorporated in this bulge-test apparatus. 

The error source and measurement accuracy of the proposed method

s analyzed and estimated. The out-of-plane displacement accuracy is

bout 0.18 μm for the experiment conducted in this paper by the pro-

osed method. It has been concluded that the accuracy of this method

rimarily depends on the grating frequency. It means the measurement

ccuracy increases with the increase of the grating frequency at the same

eformation field. 

With the proposed 3D deformation measurement method, the mem-

rane bulge deflection was obtained. Combined with the bulge-test the-

ry, the mechanical property of the film was evaluated. The polyimide

lms were tested at room temperature (25 °C) and 150 °C respectively.

he experimental results indicate that the elastic modulus of the poly-

mide films was reduced 27% at 150 °C compared with that at room

emperature. 

The experimental results indicate that the proposed method is feasi-

le for the bulge deflection measurement at micro-scale. It is also sug-

ested that the method is promising in micro-scale 3D deformation mea-

urement in other fields. 
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