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ABSTRACT 
 

This paper describes the application of lensless in-line digital holographic microscopy 
(DHM) to carry out thermo-mechanical characterization of microheaters fabricated 
through PolyMUMPs three-layer polysilicon surface micromachining process and 
subjected to a high thermal load. The mechanical deformation of the microheaters on the 
electrothermal excitation due to thermal stress is analyzed. The numerically reconstructed 
holographic images of the microheaters clearly indicate the regions under high stress. A 
double-exposure method has been used to obtain the quantitative measurements of the 
deformations, from the phase analysis of the hologram fringes. The measured 
deformations correlate well with the theoretical values predicted by a thermo-mechanical 
analytical model. The results show that lensless in-line DHM with Fourier analysis is an 
effective method for evaluating the thermo-mechanical characteristics of MEMS 
components. 
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1. INTRODUCTION 
 

Microelectromechanical systems (MEMS) have become ubiquitous in sensor and 
actuator applications. They are used in varied fields working in multiple energy-domains 
such as thermal actuators, pressure sensors, accelerometers, RF switches and filters, etc. 
Dynamic characterization of MEMS devices forms an important part in carrying out their 
functional testing and reliability analysis. Microheaters are MEMS devices that possess 
significant advantages over conventional heaters such as small form factor, lower power 
consumption, uniform thermal distribution, lower thermal mass and enhanced isolation 
from the surroundings. The electrothermal excitation of the microheaters leads to 



deformation of the device due to thermal stresses. This deformation could be 
characterized to obtain information on the uniformity of thermal stress distribution, and 
also on the reliability of the device. The MEMS structures are usually realized using 
different material layers, namely layers of polysilicon and metallic films encapsulated by 
silicon nitride and/or silicon dioxide, and involving various processing steps. In many 
applications, the microheaters are subjected to rapid and frequent temperature 
modulations. This, together with the temperature gradients along the structure, causes 
significant thermal stresses, which can adversely affect the lifetime of the device and 
even impact the device performance. These thermal stresses, which are induced during 
the operation of the microheater, provide a major contribution to the mechanical stress in 
the layers. 
 

Various techniques have been explored for thermal characterization of MEMS devices. 
Thermographic techniques [1, 2] such as infra-red radiation analysis, fluorescent 
microthermographic imaging technique [3] and liquid crystal method [4] have been 
employed for thermal characterization of MEMS devices. These techniques possess 
limitations such as poor resolution, issues concerning repeatability or coating the device 
with different layers. Thermo-reflectometry, a non-destructive optical technique for 
thermal characterization, has been proposed [5]. Though the technique provides a spatial 
resolution of 0.5 μm to 1 μm, the main difficulty arises with the requirement of 
knowledge on a thermoreflectivity coefficient of the material used. The above-mentioned 
techniques are useful in estimating the device temperature. To characterize the 
deformations in the device, different sets of techniques have been adopted in the 
literature. A 3D surface profilometer involving the white light interferometric scanning 
principle with a stroboscopic LED light source, providing a vertical displacement 
resolution of 3–5 nm, has been proposed in [6]. In-plane motion characterization of 
MEMS resonators could be performed using a stroboscopic scanning electron microscope 
imaging technique [7]. The accuracy of the measured displacement using this technique 
is about 20 nm, limited mainly by the electron probe size and digital scanning resolution. 
Laser doppler vibrometry is also one of the widely used MEMS characterization 
techniques. Frequency response of vibration amplitude of the mechanical structures, 
along with their vibration modes, can be obtained using a vibrometer [8, 9], but it cannot 
provide the static deformation of the mechanical structures. Further, they provide 
vibration information at a single point. To analyze the vibrations of a device, the laser 
beam has to scan the entire structure. 
  

To this end, use of digital holographic microscopy (DHM) in MEMS characterization 
has generated a lot of interest in recent years for the accurate determination of the 
deformations due to the residual stress and the impact of thermal loads on deformations. 
DHM provides a non-contact based and non-destructive method for the static as well as 
dynamic characterization of MEMS devices [10]. DHM has also been employed for the 
dynamic characterization of a bulk-micromachined microheater [11]. As this method uses 
lens geometry for hologram recording, the aberration introduced by the microscope 
objective has to be compensated and a focus-tracking procedure has to be followed 
before analyzing the digital holograms. In order to overcome these procedures a lensless 
in-line DH technique has been explored for various applications. In comparison to a well-



developed commercial off-axis set-up [12], the in-line system helps relax the spatial 
resolution requirement on the CCD sensor and increases the flexibility of the system. In-
line geometry significantly improves the performance of a digital holography system and 
shows higher resolution and accuracy [13]. It is also shown that the in-line digital 
holographic system shows better performance due to its higher spatial-bandwidth product 
which provides a larger field of view and higher imaging resolution than the off-axis set-
up [14]. Time-averaged in-line digital holography is used for the vibration 
characterization of MEMS diaphragms [15], wherein a double-exposure time-average 
technique is proposed to suppress the background noise due to in-line geometry as well as 
to separate the time-average vibration fringes and mean deformation fringes. The aim of 
this paper is to demonstrate the application of a lensless in-line DHM technique in 
thermo-mechanical characterization of surface-micromachined microheaters employing a 
double-exposure, time-average approach. The deformations due to thermal stress have 
been analyzed using a lensless DHM technique and an analytical model. The 
experimentally observed deformations are compared against the values obtained through 
a thermo-mechanical analytical model. 
 
2. DEVICE FABRICAITON 
 

Microheaters are basically resistive beams which can attain a temperature of 300–400 
◦C due to joule heating, when sufficient voltage is applied across them. The design of 
microheaters is optimized for low power consumption, low thermal mass, better 
temperature uniformity across the device and enhanced thermal isolation from the 
surroundings. The microheaters are fabricated through PolyMUMPs [16], a commercial 
three-layer polysilicon surface micromachining process used for MEMS applications. 
Polysilicon is the structural material and a phosphosilicate glass (PSG) is used as the 
sacrificial layer. The cross-sectional view of a generic device, depicting various layers in 
the PolyMUMPs process, is given in figure 1(d). A 0.6 μm Si3N4 film is deposited on an 
n-type silicon wafer. This is followed by a 0.5 μm polysilicon (poly-0) deposition. After 
patterning poly-0, 2 μm PSG is deposited. After patterning the PSG for anchors, 2 μm 
polysilicon (poly-1) is deposited, which forms the first structural layer. After patterning 
poly-1, 0.75 μm of PSG is deposited, and patterned to allow contacts to poly-1. This is 
followed by deposition and patterning of 1.5 μm polysilicon (poly-2), the second 
structural layer. The final step is the deposition of a 0.5 μm gold layer by evaporation. All 
the poly and PSG layers are deposited by LPCVD. The microheaters are realized on poly-
1 and poly-2 layers. The poly-1 heaters have an air gap of 2 μm between the heater and 
the substrate and the poly-2 heaters have an air gap of 2.75 μm. Three different 
microheater structures are fabricated, namely double-meander (DM), double-spiral (DS) 
and serpentine (SERP), as shown in figure 1. The active area (the central area of the 
microheater wherein the temperature is the maximum) of the microheater is fixed at 140 
μm × 140 μm in all three variants. In each variant, the length, width and spacing are 
varied to achieve different resistance values ranging from 200 Ω to 1850 Ω. The sheet 
resistances of poly-1 and poly-2 are 10 Ω/square and 20 Ω/square respectively. When the 
heaters are realized on poly-1, there is an additional poly-2 layer on top of the 
microheater. This is intended as an interdigitated electrode in a gas sensor application. 



These electrodes make no contact to the microheater structure. Further, this interdigitated 
electrode structure is not present when the microheaters are realized on a poly-2 layer. 
  
3. IN-LINE DHM-BASED CHARACTERISED METHOD 
 
3.1. Optical system 
 

The reflection lensless in-line DHM system geometry is shown in figure 2. The output 
from a He–Ne laser (632.8 nm) is coupled into a single mode fiber. The diverging output 
laser beam from the fiber end provides the magnification in a lensless geometry. The 
beam is divided into two parts by using a beam splitter: one beam illuminates the sample 
and the other is incident on the plane mirror. The scattered light from the sample (object 
beam) is combined with the other diverging beam, reflected from the mirror (reference 
beam) and the resulting interference pattern is recorded by the CCD. 
  

The distance between the object and the CCD controls the magnification of the system. 
This set-up presents a lensless microscopic geometry by using a very simple and compact 
optical set-up best suited for micron-size objects. The effect of a zero-order term and twin 
image wave can be suppressed using a double-exposure method [15]. The polarization of 
the object and reference waves is maintained to get the best contrast of the interference 
fringes. The interference of object and reference beams, called a digital hologram, is 
recorded on the CCD at a frame rate of 30 frames/s. The CCD contains 1280 × 940 
square pixels of 4.65 μm in size. The microheater is heated using a dc power supply. The 
in-line holograms are recorded at different voltages applied to the microheater and 
directly saved in the computer in real time. 
 
3.2. Numerical reconstruction 
 

The in-line hologram is the interference of an object wave with the in-line reference 
wave at the CCD plane (ξ, η), i.e. 

 

 
 

If the CCD contains M × N pixels with pixel size ∆ξ × ∆η, then the digitally sampled 
hologram can be written as 
 

 
 
where ⊗ represents the two-dimensional convolution and (α, β) ∈ [0, 1] are the fill 
factors of the CCD pixels. 



The reconstruction of a hologram is a diffraction process. When the same reference 
wave is used to illuminate the hologram, the wavefield reconstructed at the distance d' at 
the image plane (x', y') is obtained as 
 

 
 

This equation can be converted into discrete form by using the parameters of the same 
CCD used for recording the holograms and can be written as the discrete Fresnel 
transformation [17]: 
 

 
 
where k =0,1,…,M-1,l=0,1,2,…,N-1.The matrix 𝑈(𝑘, 𝑙) is thus the discrete Fourier 
transformation of the product of hologram, 𝐻(𝑚,𝑛)the plane reference beam 𝐻(𝑚,𝑛)  
and a phase term 𝑒𝑥𝑝{𝑖𝜋/𝜆𝑑′}(𝑚2Δ𝜉2 = 𝑛2Δ𝑛2)  .The pixel size of the numerically 
reconstructed image varies with the reconstructed distance and is given by  
 

 
 

When the reconstruction distance d' equals the distance d between the object and the 
CCD during hologram recording, the real image of the object is formed at the image 
plane (x', y'). 

 
The amplitude and phase of the numerically reconstructed real image wave, apart from 

a magnification term, are as follows: 
 

 
 
Because of in-line geometry, during reconstruction, the zero-order wave and the twin 

image overlap with this real image wave and thus provide the background noise. 
However, the use of a diverging wave, in an optical system, to illuminate the object 
reduces the noise of a twin image. It is because the twin image forms on the opposite side 
of a hologram plane to the real image and appears as a defocused image at the real image 



plane. The effect of the zero-order wave and twin image is further suppressed using the 
double-exposure method. 

 
3.3. Double-exposure method 
 

In order to suppress these unwanted waves (background noise), the double-exposure 
method is used. In the double-exposure method, two in-line digital holograms 
corresponding to different deformation states of the object are recorded and then 
subtracted. The numerically reconstructed wave from the single hologram includes 
mainly two parts: one is the real image wave and the other is the background noise which 
is the sum of the zero-order wave and defocused twin image. Since the zero-order wave is 
the undiffracted reference wave and it does not change for the holograms recorded 
corresponding to the different deformation states of the object, the subtraction of the 
holograms completely removes the zero-order wave effect. As discussed before, the twin 
image wave diverges significantly at the real image plane; thus, the amplitude and phase 
of the twin image wave are considerably small in comparison to those of the real image 
wave. Hence, the subtraction of the reconstructed amplitude and phase information of the 
holograms at the real image plane suppresses the twin image effect and also provides 
information about the changes in the real image wave. 
  

In this method, two in-line digital holograms of the object are recorded: one 
corresponding to the reference state (non-deformation), and the other is the deformed 
state. Consider an object having an out-of-plane deformation corresponding to the two 
states. The phase reconstructions of the holograms corresponding to these two states are 
called 𝜙1 and 𝜙2 respectively. The background noise at the real image plane due to zero-
order and twin image waves does not change for different deformations of the same 
object except the variations in the stochastic speckle pattern between the two exposures. 
Hence, the subtraction of the amplitude and phase of the reconstructed wave suppresses 
the background noise. Subtraction of amplitudes directly provides the amplitude image 
changes during the double exposure of the object and subtraction of the phase directly 
provides the modulo 2π interference phase [18]. Figure 3 shows the flow chart of the 
reconstruction process for the double-exposure method. 

 
4. THERMO-MECHANICAL ANALYSIS 
 

In order to evaluate the temperature of an active area of the microheater, the 
temperature of the microheater was experimentally measured with the applied voltage 
[9]. The temperature coefficient of resistance α of the microheater is evaluated by placing 
the device on a thermal chuck and heating it to the required temperature. A small current 
(of the order of a few μA) is passed through the microheater to get the resistance values at 
different temperatures, and α is extracted from the slope of the resistance versus 
temperature plot, figure 4(a). The heater is then subjected to joule heating by applying a 
large voltage (of the order of a few volts) across the heater and the current is measured. 
The obtained resistance is mapped to the device temperature by using the α value. The 
calculated temperature would be an average value of the temperature across the entire 
device [19]. Figure 4(b) shows the temperature of one of the microheaters (SERP on 



poly-1) as a function of the input electrical power. The effective thermal resistance is 
obtained from the slope of the curve as 2.49 ◦C mW−1. It is clear from the figure that the 
temperature of a microheater varies linearly with the input electrical power within the 
desired temperature range of the structure. Larger temperatures lead to increased thermal 
stresses on the heater structure, resulting in the mechanical deformation of the device. 
Also the repeated processing steps described previously can induce residual stress in the 
final structure of the microheater, which can appear in the form of undesired bowing of 
the resistive beam. The structural deformations arising due to thermal and residual 
stresses are analyzed using a lensless DHM technique which is non-contact based and 
non-destructive. In figure 5, a typical digital hologram of one of the microheaters 
(double-meandered structure, DM3 on poly-1 layer) is shown. The advantage of lensless 
DHM configuration is that a sequence of concentric circles that normally appear in the 
hologram as an effect of the phase distortion introduced by the microscope objective of 
the experimental set-up can be avoided. Otherwise, this aberration has to be removed first 
in order to obtain good reconstruction and accurate characterization of the system under 
test. The numerical reconstruction process is performed using equation (4) and simulated 
using MATLAB. 
 

A thermo-mechanical model built to analyze the deformation of the microheater and 
electrode is discussed in the following subsection. 
 
4.1. Thermo-mechanical model for a microheater–electrode system 
 

Electrical power applied to the microheater results in heat generation in the heater. This 
leads to rise in heater temperature. This leads to rise in heater temperature. The top 
suspended electrode on a poly-2 layer also gets heated in the process due to convective 
heat transfer. 
 

The electric power P applied to the microheater is given by 
 

 
 

where 𝛼𝑅 is the temperature coefficient of resistance, 𝑅𝐻 is the electrical resistance of the 
microheater at room temperature, 𝑅𝑇 is the thermal resistance of the microheater, V is the 
voltage applied across the heater. 
 

Therefore, 
 

 
 
The microheater temperature for a given power is computed using the thermal 

resistance of the microheater: 



  
 

The temperature of the electrode is estimated by carrying out steady-state analysis of 
the thermal circuit of the microheater–electrode system. 
 

Thermal resistances, 𝑅𝑐 and  𝑅𝑐𝑣, for conductive and convective heat transfers are given 
by 

 
 

 
 
 
where L is the length over which the heat transfer takes place, k is the thermal 
conductivity of the material, A is the surface area of the element and h is the convective 
heat transfer coefficient. Heat losses due to radiation are ignored in this analysis as they 
are negligible for the temperature range of interest (<400 ◦C) [20] and for an air gap of 2 
μm [21]. 
  

The thermal circuit of the microheater–electrode system in steady state is given in 
figure 6. Thermal gradient along the length of the microheater structure is not considered 
in this analysis. One-dimensional thermal analysis is done along the cross-section of the 
microheater at its center. Here qg is the rate of heat generation in the microheater. qsub 
represents the heat flow rate from the microheater to the substrate. qelec represents the 
heat flow rate from the microheater to the top electrode with an overlap surface area of 
AH1 (2.315 × 10−9 m2). qair represents the heat flow rate from the microheater to the 
ambient from the rest of the surface area. Convective heat transfer occurs between the 
microheater and the electrode, and also between the electrode and the ambient. Within 
the electrode structure, there would be a temperature gradient along the cross-section due 
to thermal conduction. There would also be conductive heat transfer from the microheater 
to the substrate. As the temperature of the microheater is higher than that of the substrate, 
the conditions for fluid flow are stable, and hence there is no bulk fluid motion. 
Therefore, the heat transfer from the microheater to the substrate is by conduction, and 
not by free convection. 

 
Since rate of heat flow along a branch in the network is constant, it follows that 

 
 

 
 
 
where AE is the surface area of the top electrode (3.5 × 10−9 m2), L3 is the thickness of the 
top electrode (1.5 μm), k2 is the thermal conductivity of polysilicon (125 W m−1 K−1),  



h is the convective heat transfer coefficient for air (5 W m−2 K−1) and Tair is the ambient 
temperature (25 ◦C). 
 

Therefore, the temperature TEbot at the bottom surface of the electrode is given by 
 

 
 

 Similarly, the temperature TEtop at the top surface of the electrode is given by 
 
 

 
 
The average temperature of the electrode is given by 
 
 

 
 

Estimated temperatures of the microheater and the top electrode, with varying power, 
are shown in figure 7. As observed from the figure, there is a significant temperature rise 
in the top electrode as well due to convective heat transfer from the microheater, even 
though they are not electrically connected.  

 
In order to calculate the thermal stress-induced deflections in the microheater and the 

electrode, the top electrode is approximated to a simple cantilever beam of length L (270 
μm), and the microheater is approximated to a doubly clamped beam of length LH (837.5 
μm). Considering appropriate boundary conditions, the transverse displacement of the 
cantilever beam along its length is given by 

 

 
 

where FT /L is the equivalent uniformly distributed load acting on the beam due to 
thermal stress, 𝐼𝑒 = 𝜔𝑒𝑡𝑒3

12
 is the area moment of inertia, Ee is Young’s modulus of 

elasticity the electrode element. 𝜔𝑒 (10 μm) and te (1.5 μm) are the width and thickness 
of the cantilever beam. FT is proportional to the thermal stress, and is given by  
 
 



 
 
where αE is the coefficient of thermal expansion for polysilicon and Pc is a 
proportionality constant. The transverse displacement of the doubly clamped beam along 
its length is given by 
 

 
 

where FTH = PcαE (TH − Tair)Eh, Lh is the length of the doubly clamped beam, 𝐼𝑒 = 𝜔ℎ𝑡ℎ
3

12
 

is the area moment of inertia, Eh is Young’s modulus of elasticity for polysilicon, 𝜔ℎ 
(35μm) is the width of the microheater and th (2 μm) is the thickness of the microheater 
layer. 
 
4.2. Thermal deformation characterization using DHM 
 

Digital holographic characterization is performed on a double-meandered structure 
microheater (DM3-P1). Numerically reconstructed amplitude images of the DM3-P1 
microheater at different applied voltages are shown in figure 8. These images are 
obtained without aberration correction and focus tracking. The main advantage of the 
DHM technique is that a quantitative evaluation of the deformation experienced by the 
heater membrane can be obtained from the phase analysis of a digital hologram. For 
thermal deformation analysis, the numerical phase reconstruction of the hologram is 
performed. Holograms were recorded at each voltage varying from 1 V to 10 V. The 
phase information is reconstructed corresponding to each state. The subtraction of the 
phases of the deformed state (corresponding to the applied voltage) and reference state 
(without applying voltage) provides the deformation fringes. Figures 8(a)–(l) clearly 
show the deformation fringes on the microheater for the applied voltages from 1.0 V to 
3.75 V. As expected, the number of fringes increases with an increase in the applied 
voltage which clearly shows the increase in thermal deformation at higher temperatures. 
However, the observed change in the fringe pattern is not rapid confirming the lesser 
deformation of the microheater at lower temperatures. 

 
The deformation fringes corresponding to the higher voltages (7.0–9.75 V) are shown 

in figures 9(a)–(l). The number of fringes on the microheater is large which shows the 
larger thermal deformation. It can also be observed that the deformation fringes are 
expanded on the electrodes that are above the microheater structure, and this increases 
with increase in temperature. This is due to the thermal expansion of both the microheater 
and the electrode during the high temperature operation of the microheater. The figure 
shows the full field thermal deformation in the device at higher temperatures. Thus, this 
kind of analysis is particularly useful for the full field study of micro-devices, where 
different components of the device show different deformation behavior, subject to the 
same input conditions. Since the reconstruction is done normal to the heater surface, the 
deformation fringes show the phase map for out-of-plane deformations.  

 



The structural deformation due to thermal stress is quantitatively obtained from the 
phase analysis of hologram fringes. The vertical deformation is measured at two points: 
one on the electrode, and the other on the microheater, as indicated in figure 5(b). The 
amplitude of deformation at the applied voltage can be calculated from the obtained 
fringe patterns shown in figures 8 and 9. To do this, the phase difference value is 
converted into the path difference which represents the vertical deformation. Since an 8 
bit CCD sensor is used for recording the hologram and the wavelength of a source is 
632.8 nm, it provides a theoretical vertical measurement accuracy of about 2.5 nm. The 
experimentally obtained deformations for the microheater and the electrode, as a function 
of applied power, are compared with the analytically calculated deflections of the doubly 
clamped beam (at the center of the beam) and cantilever beam (at a distance of 0.8 L from 
the fixed end) in figure 10. It is observed that the analytically obtained values closely 
match the experimentally observed deformations. As the electrode has a much lower 
spring constant (0.249 N m−1) compared to the microheater structure (2.44 N m−1), the 
vertical deflection of the electrode is much higher than the microheater.  

 
The proposed analysis is very useful in studying the response of different parts of the 

same micro-device simultaneously, for the same input conditions, and the method   can 
be applied to characterize the MEMS structures. Thus, the thermo-mechanical 
characterization of MEMS-based microdevices using a lensless in-line DHM technique is 
useful in inferring the residual stress inside the structure. Analysis of a deformation 
profile under operating conditions using a nondestructive approach is useful in evaluating 
the effect of a heating cycle on the structure and the effect of a fabrication process on the 
final behavior of the microheater in order to ensure a reliable fabrication of the 
microheater. The proposed method can also be extended to measurement of non-periodic 
deformation. In particular, applying this method of characterization, it is possible to 
evaluate the deformation profile of the MEMS structures not only under the static 
condition but also under the dynamic condition by taking a sequence of holograms using 
a high-speed CMOS camera. 
 
5. CONCLUSION 

 
This paper has presented the thermo-mechanical characterization of surface-

micromachined microheaters fabricated through PolyMUMPs, a three-layer polysilicon 
surface micromachining process used generally for MEMS applications. We have 
demonstrated that by using the unique feature of the lensless in-line digital holography 
technique, it is possible to obtain a quantitative map of thermal deformations on 
microstructures by applying the double-exposure method and without requiring 
aberration correction and focus-tracking. Thermal deformations determined using a 
lensless DH method match well with the results obtained from an analytical model. These 
results can be used to understand the thermal stress of the structure and thus, to ensure a 
reliable fabrication of the microheater. The results could also be utilized for evaluating 
the mechanical stability of the microstructures under high thermal stress. 
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List of Figures 
 
Figure. 1 Different microheater structures realized on a poly-1 layer: (a) double 

meander (DM), (b) double spiral (DS), (c) serpentine (SERP), (d) cross-
sectional view of a generic device showing the layers used in the process. 

Figure. 2 Experimental arrangement for a lensless in-line digital holographic 
microscope 

Figure. 3 Double-exposure methodology for in-line digital holographic microscopy. 
Figure. 4 Static thermal characterization of SERP on poly-1 microheater: (a) resistance 

as a function of temperature, (b) microheater temperature as a function of 
applied electrical power. 

Figure. 5 (a) Typical digitally recorded hologram of the microheater, (b)          
numerically reconstructed digital holographic image (1: top electrode, 2: 
microheater). 

Figure. 6 Thermal circuit of the microheater–electrode system in steady state. 
Figure. 7 Estimated temperatures with varying power, for the microheater and the top 

electrode, from the analytical model.  
Figure. 8 Thermal deformation profile in MEMS microheater at applied voltages: (a) 

1.0 V, (b) 1.25 V, (c) 1.5 V, (d) 1.75 V, (e) 2.0 V, (f ) 2.25 V, (g) 2.5 V, (h) 
2.75 V, (i) 3.0 V, (j ) 3.25 V, (k) 3.5 V and (l) 3.75 V.  

Figure. 9 Thermal deformation profile in MEMS microheater at applied voltages: (a) 
7.0 V, (b) 7.25 V, (c) 7.5 V, (d) 7.75 V, (e) 8.0 V, (f ) 8.25 V, (g) 8.5 V, (h) 
8.75 V, (i) 9.0 V, (j ) 9.25 V, (k) 9.5 V and (l) 9.75 V. 

Figure. 10 Experimentally measured and analytically computed thermal deformation 
with varying power at two different points on the device: (1) on the top 
electrode, and (2) on the microheater.  
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