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This paper reviews the recent progress in MEMS test structures for mechanical 
parameter extraction. MEMS test structures reviewed include cantilevers, fixed-fixed 
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significant contributions to the performance of MEMS devices. The challenges and 
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1. INTRODUCTION 
 

The mechanical properties of the material used in microelectromechanical 
system (MEMS) fabrication are of fundamental importance. This knowledge is 
needed for the design of devices, and measurement of properties is needed to 
check the consistency of material during fabrication [1]. Since the material 
properties are sensitive to small changes in process, it is desirable to be able 
to determine wafer to wafer variation [2]. The development of technology 
characterization capability is essential to process monitoring which ensures 
the  technology  processing  is  consistent  from  run  to  run.  Also,  in-situ  
monitoring of some parameters may be quite beneficial to design development 
and qualification [3]. In the first section various test techniques to 
characterize mechanical properties are reviewed and in the second section of 
the review include in-situ structures used for residual stress measurement. 
 
2. THE TEST TECHNIQUES 
 

Techniques for the characterization of the mechanical properties of MEMS 
materials include the tension test, bend tests (microbeam bending, bulge 
test, M-test, and wafer curvature tests). Each of these techniques is 
considered in detail with reference to: (i) the mechanical properties that can 
be measured; (ii) the types of structures (i.e., integrated or nonintegrated, 
thin  or  thick,  free-standing  or  constrained)  that  can  be  characterized  and  
the ease of specimen fabrication; (iii) the ease of instrumentation and 
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fixturing (including the availability of commercial instruments); and (iv) the 
ease of data reduction and parameter extraction (especially, the need for 
intensive computation and the sensitivity of the technique to metrology). 
 
2.1 The Tension Test 
 

The microscale tension test is a natural extension of its macroscale 
counterpart, and can characterize the Young modulus, yield strength, and 
fracture strength of nonintegrated, free-standing, thin and thick structures. 
A uniaxial, tensile load is applied to a specimen with a gage section of 
uniform geometry, and the extension of the gage is recorded as a function of 
the applied load. Given the dimensions of the beam, it is straightforward to 
obtain a stress-strain graph, and to extract Young modulus (E), yield 
strength ( y), andfracture strength ( F). 
 The principal difficulty associated with this technique is the handling and 
mounting of the test structures. In the case of brittle materials, fracture 
induced by gripping presents an additional problem. One solution adopted by 
many researchers is to fabricate the test structure in a protective frame, and 
to  sever the frame mechanically  after  mounting [4],  and pull  tests  inside a  
scanning electron microscope [5, 6] have also been demonstrated. Materials 
that have been characterized using tensile test include single-crystal silicon, 
polysilicon [7], aluminum, nickel, copper and silver [8, 9]. 
 
2.2 Microbeam Bend Test 
 

Microbeam bending has been extensively used to characterize the Young 
modulus, yield strength, and fracture strength of non-integrated, free-
standing, thin and thick structures. 
 

 
 
 
 
 
 
 

Fig. 1 – Schematic illustration of the microbridge bend test 
 

A concentrated bending load (P) is applied to a beam (either cantilevered or 
fixed at both ends as shown in Fig. 1) and the displacement ( ) is recorded 
as a function of the load. In the early studies, values for the elastic constant 
and  strengths  were  obtained  by  using  simple  analytical  formulae  [10-12].  
For a cantilever beam of length L, width b, and thickness h, the Young 
modulus and fracture strength is given by the expressions 
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these assumptions are violated in many microscale tests, and numerical 
analyses using finite-element techniques are necessary to interpret the data 
[13].Materials that have been characterized using bending tests include 
single-crystal silicon, silicon oxide, gold [14] and silicon nitride. 
 
2.3 The Bulge Test 
 

The bulge test is one of the earliest techniques used to measure the Young 
modulus and residual stress of nonintegrated, free-standing thin film 
structures. The specimen is a membrane (circular, square, or rectangular in 
shape) bonded along its periphery to a supporting frame. Microfabrication 
techniques are particularly well suited for the creation of such test 
structures with reproducible and well-defined boundary conditions. The 
membrane is pressurized from one side, and the deflection at the center ( ) 
is recorded as a function of the applied pressure (p), as illustrated in Fig. 2. 
 

 

Fig. 2 – Schematic Illustration of A Bulge Test 
 

For  rectangular  membranes  (with  thickness  h  and  edge  length  2a), the 
pressure-displacement relationship is given as  
 

 3
1 22 4

( )Rh hE
p C C

a a
 (3) 

 

The constant C1 and C2( ) are determined using finite element analyses, and 
have values of 3.45 and 2.48 for   0.25, respectively [15]. In addition, the 
value of the Poisson ratio can be estimated by sequentially testing 
membranes with square and rectangular geometries [16].Materials that have 
been characterized using the bulge test include polysilicon [17], silicon 
nitride, and polyimide. 
 
2.4 The M-Test 
 

The M-test is an electrostatic beam bending technique use to measure the 
Young modulus and residual stresses of integrated, free-standing, and thin 
structures. The M-test relies upon the detection of such a collapse. Osterberg  
and Senturia identified several requirements for an ideal test including: (i) 
two conductors, one flat, parallel, and movable with respect to the second, 
which is a fixed infinite ground plane; (ii) perfectly fixed boundary 
conditions for the movable conductor; (iii) well-defined prismatic cross-
section of the movable conductor; and (iv) negligible stress gradients in the 
movable conductor. The stress and modulus parameters are defined as  
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The effective modulus E  is equal to E/(1 – 2) and E for  wide and narrow 
beams, respectively. The effective stress is zero for cantilevers and equal 
to R(1 – ) for fixed-fixed beams. It is clear from Eqs. (4)-(6) that accurate 
measurement of the gap size and beam thickness is critical for the success of 
this technique. Under ideal conditions, the M-test can determine values of the 
modulus to within 4 %, as demonstrated in the case of single-crystal silicon 
structures [18]. Unfortunately, most surface-micromachined structures violate 
some, or all, of the conditions of ideality. In particular, the fabrication of 
rigid supports represents a significant design challenge. Therefore, 
computation using finite-element or finite-difference techniques is required to 
extract the Young modulus. Jensen et al. [19] report on measurements of the 
Young modulus of polysilicon to within 5 % using such techniques. 
 
2.5 Wafer Curvature Test 
 

The wafer curvature test has emerged as a popular technique for the 
evaluation of residual stresses in non-integrated, constrained, thin and thick 
structures, particularly, continuous films deposited on thick substrates. For 
small deformations, and when the film thickness (hf) is much smaller than 
the thickness of the substrate (hs), the magnitude of the residual stress in 
the film is given by the Stoney formula as [20]: 
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where  is the curvature of the film-substrate composite (which can be 
measured using surface profiler), M is the biaxial modulus, and the subscript 
s denotes the substrate. It is important to note that the stress can be 
evaluated without any knowledge of the mechanical properties of the film. 
 
3. STRESS MEASUREMENT STRUCTURES 
 

The greater understanding of stress with in deposited thin films needs for 
surface micromachining. The numbers of structures are available in 
literature for past decade to residual stress measurement. These are array of 
structures for measuring compressive or tensile stress. Excessive compressive 
or tensile stress results in buckling, cracking, splintering and sticking 
problems.  In  particular,  the  residual  stress  is  very  important  in  MEMS  
application. In cases where thin film is designed to be a moving part, the 
mechanical displacement of the film largely affected by stress [21]. In this 
section several type of stress measurement techniques are reviewed in detail.  
When the structures under stress are released by removing sacrificial layer, 
the stress is relieved by increasing or decreasing the structure dimension. 
The change in dimension is very small, making direct measurement 
difficult. It is therefore necessary to convert this change into large 
displacement. At the end of this section these types of residual stress 
measurement techniques are highlighted. 
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3.1 In situ Stress Measurement Techniques 
 

The conventional stress measurement method is the wafer curvature to 
calculate the average stress using Stoney equation; nanoindentation [22] or 
X- Ray diffraction techniques [23].The most popular and simplest method is 
the micromachining technique as it does not require special equipment and 
can be done by in situ measure.The micromachining technique is the focus of 
this section. Essentially, the test structure under stress is released after 
removing the underline sacrificial layer. The structure will deform by 
increasing or decreasing the dimension of structure because of residual 
stress. The stress can thus be derived from this deformation.The test 
structures that measure this stress can be separated into two main families 
according  to  the  primary  measurement  technique  used  to  extract  the  
residual stress value: in-plane (pointers and bent-beams) and out-of-
plane(microrings and fixed-fixed beams).Several types of micromachining 
technique of stress measurement are described in detail as follows. 
 
3.1.1 Buckling Technique 
 

Stress in the thin film results in an extension or contraction of the released 
structure. This is basic principle of the stress measurement by buckling 
technique.The typical device normally used is a micro bridge (free standing, 
double clamped micromechanical beam shown in appendix), can only measure 
compressive stress. A micro bridge that is under compressive stress buckles 
after release. The stress can be expressed using critical buckled bridge 
dimensions as Eq. (8). 
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where E is  the  elastic  modulus,   is  Poisson's  ratio  and  E/(1 – )  is  the  
biaxial modulus, L is the length of the critical buckled bridge, and h is the 
thickness of the bridge. Therefore, by fabricating beams with a range of 
different lengths shown in appendix Fig. A, B and observing the critical 
length  beyond  which  buckling  occurs,  the  residual  stress  in  the  structure  
can be evaluated. 
 

 
 

Fig. 3 – Conversion structures for stress measurement Ring (a), Diamond (b) 
 

For tensile stress, the conversion structures shown in Fig. 3 are needed. The 
ring  structure  proposed  by  Guckel  et  al.  [24]  in  Fig.  3  a  can  be  used  to  
measure tensile stress only. When the freestanding structure is released, the 
ring in Fig. 3 a deforms to an oval under tensile stress and the central beam 
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becomes compressive [25]. After removing the sacrificial layer in diamond 
structure Fig. 3 b, the diagonal beams convert the tensile stress into 
compressive stress in the middle beam and the compressive stress is increased 
in the outside beams, causing the middle beam to buckle with tensile stress 
and the outside beams to buckle when the stress is compressive stress [26]. 
 
3.1.2 Rotating Technique 
 

The micromachined rotating structures as first presented by Goosen et al. [27] 
is shown in Fig. 4 a. The device consists of two test beams and a rotating 
pointer beam. One end of each test beam is anchored to the substrate and the 
other is connected to the pointer. When the test beams are released by etching 
away the sacrificial layer, they are elongated or contracted due to the residual 
stresses. The test beams are slightly separated at the connection to the pointer 
beam, thus create a rotating deflection of the pointer beam. The deflection is 
directly proportional to the residual stress in the thin film. Its direction 
corresponds to the type of stress, i.e. tensile or compressive stress. The 
residual stress can be calculated by following equation 
 

 
1 ( )( 0.5 )A B C

E O
L L L O

. (9) 

 
3.1.3 Pointers 
 

Pointers are in-plane test structures that make use of geometric layout to 
amplify small displacements induced by residual stress. The amplified 
output of the pointer is measured on a scale attached to the substrate. The 
test beam lengths, LA and LB, are typically identical. Increasing the length 
of LC or decreasing the separation distance O will enhance the amplification 
effect. Displacement readings at the pointer end are used to calculate the 
residual stress levels. This deflection of the pointer can be determined quite 
easily using an optical microscope or SEM. 
 

 

Fig. 4 – The schematic of rotating techniques structures Pointer (a), double indicator 
(b), folded indicator (c) 
 

There are some improved test structures designed for using this technique 
in the literatures. As examples, two improved typical structures are 
described as follows. One of the improved test structures is the double 
indicator structure [26]. It can increase the sensitivity of the measurement 
by using two symmetrical structures as shown in Fig. 4 b. In this way, the 
double deflection can be measured. Under-etching and technology variations 
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are eliminated. The stress can also be calculated using the Eq. (10). The 
other improved test structure is the folded indicator structure [28].  This  
design was used to minimize the total area of the test structure occupied on 
the  wafer  as  shown  in  Fig.  4  c.  The  stress  can  be  calculated  using  the  
simplified Eq. (11). 
 

 ,
1 2 a i

E d
l l

 (10) 

 

where  is the opposite displacement of the two indicators, d, la and li are 
defined in Fig. 4 c. 
 
3.2 Micro Strain Gauge 
 

The schematic of the micro strain gauge proposed by Lin et al. [29] is shown 
in Fig. 5 a. The gauge consists of three beams, a test beam, a slope beam, 
and an indicator beam for different purposes. The test beam anchored at one 
end either shrinks (tensile stress) or elongates (compressive strain) after 
removing the underlying layer. The change in length of the test beam 
results in a small rotation of the slope beam. The rotation is magnified with 
the aid of the long indicator beams, which are equipped with a vernier. The 
displacement ( ) of the indicator can be measured under an optical 
microscope, and the residual stress is calculated by, 
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where Lsb, Lib and Ltb are the lengths of the slope beam, indicator beam and 
test beam, respectively.  
 
3.3 Long-Short Beam Strain Sensor 
 

The long-short beam strain sensor is designed by Pan and Hsu [30], Fig. 5 b 
schematically  shows the strain sensor.  The sensor is  comprised of  a  pair  of  
long and short cantilever test beams with different lengths, long test beam  
 

 

Fig. 5 – The schematic of micro strain gauge (a) and long-short beam strain sensor (b) 
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and  short  test  beam.  The  two  beams  are  connected  by  a  tip  beam  as  an  
indicator. After the freestanding part is released, the two test beams will 
extend or contract due to residual stress in the thin film. The displacement ( ) 
caused by the deflection of two test beams can be read out using indicator and 
vernier by optical microscope or SEM. The stress is calculated by, 
 

 ,
1

E  (12) 
 

where  is the conversion factor related to geometrical parameters of the 
structure only. 
 
3.4 Bent-Beams 
 

Bent-beams [31] also take advantage of geometric layout to amplify in-plane 
displacements induced by residual stress. Bent-beams are capable of measuring 
compressive and tensile residual stress, indicating compression by a decrease 
in the distance between the indicators and tension by an increase. Resolution 
depends on layout geometry. If resolution at low stress values is desired, then 
LBB must be large. However, this increases the proclivity of the structure to 
buckle  out-of-plane.  In  this  structure  optical  method  allows  for  rapid  and  
noncontacting measurements. While scanning electron microscopy (SEM) 
metrology enables higher resolution for in-plane measurements. 
 

 

Fig. 6 – The schematic of bent beam structure 
 
4. CONCLUSIONS AND SUMMARY  
 

In this paper, we have (i) identified the mechanical properties of interest for 
the design of microsystems, (ii) cataloged and critically compared the 
various test techniques (Table 1), and (iii) suggested a rational approach for 
the selection of test methods for microsystems design. 
 The details of specimen preparation, experimentation, and data analyses 
are contained in the cited literature. Several types of stress measurement 
methods have been reviewed. We have designed mask of test devices for 
each method. The appendix contains SEM micrographs of fabricated test 
structures in Fig. A-F. The in situ residual stress measurement will be 
carried out for plated gold film using these structures. The Table 2 
summarizes the theoretical and practical residual stress test structure 
comparisons. 
 
 

LBB Lind Ô 

D0 

bBB 

LTot 

D 



 
 
 
 REVIEW OF MEMS TEST STRUCTURES FOR MECHANICAL… 251 

 

5. ACKNOLEDGEMENT 
 

Authors would like to acknowledge Director, CEERI, Pilani, for providing 
the design and fabrication facilities and thankful to all colleagues of Sensors 
and Nanotechnology Group; who helped in the fabrication of structures. 
 
Table 1 – Capabilities and characteristics of Test structures compatible with 
various test techniques 
 

Test E R y F T  FS I 

Tension +  + + + +  

Microbeam bend +  + + + +  
Buldge test + +   + +  
M-test + +     + 
Wafer curvature  +   + +  
Strain gauges  +   + + + 
Stress test method  +   + + + 

 

E – Young modulus, R – residual stress, y – yield stress, F – fracture stress, T – thin, FS – 
free standing, I – integrated. 

 
Table 2 – Theoretical and practical residual stress measurement test 
structure comparisons 
 

Microrings Types 
 

Beams Cantilevers 
Guckel Diamond 

Pointers Bent-beams 

Principle of 
structure 

Buckling 
converted 

into 
compressive 

stress 

Buckling 
converted 
into stress 
gradient 

Conversion 
of buckling 
to tension 

Conversion of 
buckling to 
tension and 
compression 

Geometrical 
amplification 

Geometrical 
amplification 

Resolution 
(µ ) 

0.7 
(  0.35) 

 
- 50 - 

40(O  20 µm) 
99(O 60 µm) 

[32] 

12.5 
(LBB 300 µm, 

33.3 mrad 
5 (LBB 500 µm, 

20 mrad) 

Layout 
Dimensions 

of Test 
Structures in 

the Class 

LB 40-
140 µm 
bB 10-
30 µm 

10 µm 

LCB 50-
280 µm 
bCB 15-
30 µm 

Lt 15µm 
Wt 20µm 
br 14µm 
bb 5µm 

R 100-10 
µm,  
Ring  

ID 40-200 
µm 

L4 10-
100 µm 
L3 10-
200 µm 

b1 20 µm 
b2 10 µm 

LA, LB 490 
µm 

W 20 µm 
O 20 µm  

(CF 0.425), 
O 40 µm  

(CF 0.530), 
O 60 µm  

(CF 0.539), 
(with  

LC 585, 575, 
565 µm, 

respectively) 

b 2 µm 
D 38.5 µm 
LInd 98 µm 
  33.3, 66.7 

and 135.4 mrad 
(LBB  300 µm) 

20.0, 20.0** 
and 79.5 mrad 
(LBB 500 µm) 

Area 0.1 mm2 0.1 mm2 0.8-1 mm2 1 mm2 0.8-1.5 mm2 0.08-0.2 mm2 

Displacement 0.5µm [33] 0.4 µm 0.4 µm [33] 0.3 µm [33] 1-7 µm [34] 3µm [31] 
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APPENDIX 
 

The fabricated electroplated gold Test structures SEM micrographs for 
mechanical parameter extraction. 
 

      
 

Fig. A – Cantilevers array for stress gradient measurement 
Fig. B – Fixed-2 beam array for compressive stress measurement 

 

      
 

Fig. C – Gückel Ring for Tensile stress measurement 
Fig. D – Modified rotational type test structure 

 

      
 

Fig. E – Asymmetrical rotational lancet pointer structure 
Fig. F – Symmetrical rotational lancet pointer structure 

Fig. A Fig. B 

Fig. C Fig. D 

Fig. E Fig. F 


