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Abstract  In this chapter, the control issues of Microelectromechanical System 
(MEMS) nanopositioning devices are introduced and discussed. The real-time 
feedback control of a novel micro-machined 1-degree-of-freedom (1-DoF) 
thermal nanopositioner with on-chip electrothermal position sensors is presented. 
The actuation works based on thermal expansion of V-shaped silicon beams. The 
sensing mechanism works based on measuring the resistance difference between 
two electrically biased identical silicon beams. The resistance difference varies 
with displacement. The heat conductance of the sensor beams varies oppositely 
with the position of the movable stage, resulting in different beam temperatures 
and resistances. A pair of position sensors are operated in differential mode to 
reduce low-frequency drift. The micromachined nanopositioner has a nonlinear 
static input-output characteristic. The electrothermal actuator has a dynamic 
range of 14.4 µm and the electrothermal sensor has a low drift of 8.9 nm over 
2000 seconds.   An open-loop controller is first designed and implemented. It is 
experimentally shown that uncertainties result in unacceptable positioning 
performance. Hence, feedback control is required for accurate positioning. The 
on-chip displacement sensor is able to provide high-resolution displacement 
control. Therefore, a real-time closed-loop feedback control system is designed 
using a proportional-integral (PI) controller together with the nonlinear 
compensator used for the open-loop control system. The closed-loop system 
provides acceptable and robust tracking resolution for a wide range of set point 
values. The step response results show a positioning resolution of 7.9 nm and a 
time constant of 1.6 ms in a 10 µm stroke. For triangular reference tracking, which 
is required in raster-scanned Scanning Probe Microscopy (SPM), the steady-state 
tracking error has a standard deviation of 20 nm within a wide range of 10 μm. 
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1 Introduction 
     

    High precision nanopositioners have been extensively used in many 
applications such as scanning tunneling microscopy (STM) [1], atomic force 
microscopy (AFM) [2], and emerging ultrahigh density probe storage systems [3, 
4, 5, 6, 7]. These nanopositioners typically have high positioning accuracy with 
a large dynamic range and a wide bandwidth, enabling fast and robust closed-
loop position control. Macro-scale nanopositioners can achieve nanometre-scale 
positioning resolution and accuracy, however they are relatively bulky and costly 
[8, 9, 10, 11]. Microelectromechanical System (MEMS) nanopositioners have 
attracted significant interest recently because of their small size, low cost, fast 
dynamics and the emergence of applications such as probe-based data storage [12, 
13], and scanning probe microscopy [14, 15, 16]. Closed-loop feedback control 
of these positioners is highly desirable if a high degree of displacement precision 
is required, and such a control system needs an accurate source of position 
information [17, 18, 19, 20]. However, many of the MEMS nanopositioners 
reported in the literature are not equipped with on-chip sensors due to the 
restrictions associated with micro-fabrication processes [21, 22, 23]. Thus, the in-
plane movements are often measured by laser reflectance microscopes [24, 25] 
or optical microscopes [26], making the footprint of the entire system fairly large. 
There are several exceptions in the literature, e.g., embedded on-chip capacitive 
and piezo-resistive displacement sensors were integrated in thermally and 
electrostatically actuated positioners in [27, 28, 29, 30]. Nevertheless, only open-
loop results were obtained and complex fabrication processes were required for 
electrical insulation between electrical heating and sensing circuits in [27] and for 
sidewall implementation of the piezo-resistors in [29]. In addition, limited 
sensing resolutions were achieved in [28] and [29]. Recently, a thermal sensing 
scheme was used in a probe-based storage device [31, 32]. Micro-heaters were 
used to measure the motion of a MEMS micro-scanner with resolution of less 
than 1 nm. Compared to comb capacitive sensors, thermal sensors are much more 
compact and can be easily integrated with actuators in a MEMS device [33, 34, 
35]. In [36, 37], off-chip electromagnetic coil actuators were adopted for scanner 
actuation along with the thermal sensing approach reported in [31, 32], where a 
complex mass-balanced structure was designed for vibration resistance purposes.  

In this chapter, a novel electrothermal position sensor is integrated with a 
electrothermal actuator in the same MEMS chip without the need for inclusion of 
extra electrical insulation fabrication process as reported in [27], or assembling 
two chips as reported in [36, 37]. Although the electrothermal actuators consume 
more power compared with other MEMS actuators, for example electrostatic 



actuator and piezoelectric actuators, they do offer certain advantages. They can 
operate under low voltages, generate large forces, and enjoy a high degree of 
vibration resistance due to their stiff structures [38].   

This chapter introduces a MEMS nanopositioner with on-chip electrothermal 
actuation and electrothermal sensing, which was micro-fabricated in a low-cost 
bulk silicon process. Measurement results show that the positioner has a dynamic 
range of 14.4 µm and an open-loop bandwidth of 101 Hz. To reduce the low 
frequency thermal drift, the sensors are operated in a pair and measured by a 
differential circuitry. The sensor was measured to have a small low-frequency 
drift of 8.9 nm over 2000 seconds. The on-chip displacement sensing enables a 
feedback control capability. A model of the positioner is derived and a 
proportional-integral (PI) feedback controller is implemented digitally in a 
dSPACE rapid prototyping system to investigate the closed-loop performance of 
the positioner. Open-loop and closed-loop performance of the system in tracking 
a step displacement were investigated. The closed-loop step response results 
show a steady-state RMS positioning error of 8.6 nm, while the corresponding 
value of the open-loop seek operation can reach to 1180 nm. High tracking 
performance was also achieved for a 10 Hz triangular reference by using a 2-DoF 
feedback control system consisting of a PI controller and a pre-filter.  

    The chapter is organized as follows: In section 2, the electrothermal positioning 
scheme and its modeling are introduced. Micro-fabrication process and design 
parameters are described in section 3. Section 4 presents the experimental setup 
and system characterization of the positioner. Open-loop static and dynamic 
responses are presented to verify that the positioner behaves as predicted. Section 
5 presents the details of the open-loop and closed-loop control design. The 
tracking performances of step and triangle references are presented in this section. 
Section 6 concludes this chapter. 

 

2 Design and Modeling of Micromachined Nanopositioner 
 

2.1 Design 
    The proposed nanopositioner consists of electrothermal actuator and sensor on 
a single silicon chip. On-chip actuation and sensing enable a compact positioning 
system with small footprint and high resolution. Figure 1 illustrates the 
conceptual schematic view of the nanopositioner. The positioner stage is actuated 
by a chevron electrothermal actuator. To move stage, dc current is applied across 
the heaters to heat up the silicon beams. Compared to other actuation methods, 



for example, electrostatic actuation and piezoelectric actuation, the 
electrothermal actuators are simple to implement with low actuation voltage and 
large force. Thanks to the high stiffness of the structures, complex mass-balanced 
structures as proposed in [37] are not required to resist vibration. As shown in 
Figure 1, a pair of thin hot arms are designed to have an angle of 0.57º with respect 
to each other in the V-shaped electrothermal actuator. The operating voltage 
range is typically from 0 to 15 V in chevron actuators, which depends on the beam 
geometries. The displacement is proportional to the square of actuation voltage 
and the largest stroke of the actuator is limited by the buckling of the hot arms at 
high temperatures (>700 ºC) [25]. 

                       
Figure 1 Schematic diagram of the nanopositioner with electrothermal actuator, electrothermal 
position sensor and differential amplifier: (a) before actuation; (b) after actuation. [39] 

    The position sensors are based on electrothermal principle. Two beam-shaped 
resistive heaters R1 and R2 are made from n-doped silicon (2 µm wide, 100 µm 
long and 25 µm thick). The positioner stage (rectangular plate) is placed close to 
the beam heaters with a 2 µm air gap. Initially, the positioner stage is at the rest 
position before applying voltage across the actuator, as illustrated in Figure 1(a). 
At this position, the two edges of the sink plate are precisely aligned to the centre 
of the two thermal resistive sensors R1 and R2. To heat up the sensors, a dc voltage 
source Vdc is applied to both sensors (heaters). Consequently, the heat generated 
in the resistive heaters is conducted through the 2 µm air gap to the heat sink plate 
(positioner stage). At the rest position in Figure 1(a), the ambient condition for 
both sensors are identical, therefore, the dissipated heat fluxed out of the sensors 
are same. Thus, it equalizes the temperature and resistance of the two sensors. 

(b) 

(a) 



    In Figure 1(b), a voltage is applied on the actuator beams to move the positioner 
stage towards left. As a consequence, the ambient condition is changed to be 
different. The heat fluxes dissipated out of the both sensors become different, 
resulting in a corresponding difference in the temperatures of both sensors. Also, 
the resistance is the function of temperature in silicon material. Therefore the 
resistance of sensor R1 and sensor R2 will be different. Thus, the positioner stage’s 
displacement can be sensed by measuring the resistance changes between the two 
sensors. With a fixed dc voltage Vdc applied to both sensors, the differential 
changes of the resistance result in current variations in the beam resistors because 
of Ohm’s law. The currents are then converted to an output voltage using a pair 
of trans-impedance amplifiers and an instrumentation amplifier. To suppress the 
common-mode noise, the gains of these two trans-impedance amplifiers must be 
well matched by adjusting the feedback resistance of the trans-impedance 
amplifiers. Employing the differential topology allows the sensor output to be 
immune from undesirable drift effects due to changes in ambient temperature or 
aging effects. 

 

2.2 Modeling 
 

    This section presents a large-signal analysis for anticipation of temperature and 
resistance values of the heaters in terms of a pre-specified displacement and bias 
voltage. We adopt a lumped parameter approach and static (time-invariant) 
conditions to simplify the analysis [40]. Each sensing resistor is regarded as an 
infinitesimal solid element with no internal thermal convection. With this 
assumption, the resistor temperature is presented by a scalar variable rather than 
a spatial distribution, which would require solving a complicated boundary value 
PDE problem. In addition, using this assumption, we can combine a number of 
heat transfer coefficients between the object and various parts in its surrounding 
such as heat sink, air gap, and conducting pads, into an overall thermal resistance 
coefficient. Applying Newton’s law of cooling, the transfer of the heat from the 
object to air is mainly governed by thermal conduction in a thin air layer beside 
the object instead of thermal convection. Although thermal convection can 
participate in the transfer of heat outside the foregoing thin layer, its overall affect 
in stationary conditions can be modeled as an equivalent thermal resistance 
between the object and air. In this way, each sensing resistor has a uniform 
temperature distribution. We now proceed to a lumped parameter analysis for 
temperature prediction of heaters. 



 
Figure 2 Schematic diagram of the biased electrothermal position sensors. [39] 

 
   Assuming a constant temperature coefficient α (1/oC), the electrical resistance 
R of an infinitesimal resistor at temperature T is described by 𝑅𝑅𝑜𝑜[1 + 𝛼𝛼(𝑇𝑇 − 𝑇𝑇𝑜𝑜)], 
where To and Ro (Ω) describe the ambient temperature and the resistance value at 
room temperature, respectively. Let the overall thermal resistance between the 
resistor and the surrounding area, including the thermal conduction through its 
electrical wiring to a voltage source, be K-1 (oC/W). Assuming a constant bias 
voltage V across the resistor and a stationary condition, the electrical power 
delivered to the resistor should be equal to the heat power delivered by the resistor 
to the ambient area: 
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   Thanks to the simplifying assumption that constant α does not vary with the 
temperature, we can obtain a closed-form solution for the temperature T from 
Equation (1). Hence, the temperature and electrical resistance of the resistor at 
bias voltage V are determined by the following expressions: 
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    Before applying Equations (2) and (3) to the heaters in Figure 2, we need to 
introduce individual heat resistances K1

-1 and K2
-1 to the ambient area for each 

electric resistors R1 and R2, respectively. A horizontal displacement of the heat 
sink plate in the left direction will increase the heat conductance of the left heater, 
whilst reducing that of the right heater. These monotonic variations of the heat 
conductance values with displacement can roughly be modeled by the following 
linear relationships: 

( )1 min max min( )K x K K K x= + −% %
 , 

   ( )2 min max min( ) (1 )K x K K K x= + − −% %
                      (4) 

    where /x x L≡%  describes a dimensionless position variable, L is the heater 
length, and Kmin

-1 and Kmax
-1 represent the maximum and minimum overall heat 

resistance of each heater, respectively. We can now use Equations (2) and (3) to 
predict the stationary values of temperature and resistance for each heater: 
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where Ro is value of unbiased heater electrical resistance at room temerature. 
When the heat sink displacement is zero(𝑥𝑥� = 0.5), we have assumed an identical 
heat conductance 1 2K K= max min( ) / 2K K= +  for the heaters. Hence, the sensing 
resistors are also identical when the displacement is zero. In this way, the output 
voltage in Figure 1 is proportional to 1 1

1 2R R− −− . This result is used in the following 
simulation to convert the amount of heat sink displacement into a dimensionless 
variable 𝑅𝑅𝑜𝑜(𝑅𝑅1−1 − 𝑅𝑅2−1), which is proportional to the output voltage in Figure 1.  



    Considering the values reported in Table 1 for model parameters and applying 
Equations (4) and (5), the stationary temperature, resistance, and sensor output 
values as a function of heat sink displacement are obtained for each sensing heater 
as depicted in Figure 3(a)-(c), respectively. In spite of the nonlinear variation of 
the individual resistance values with displacement, the sensor output 
demonstrates a highly linear relationship with the displacement. 

 
Table 1 Electrothermal Sensor Parameters and Values for Simulation 

Parameters Values 

α (K-1) 3.7822×10-4 

Ro (Ω) 390 

To (oC) 27 

Kmin (W/K) 8×10-5 

Kmax (W/K) 16×10-5 

V (V) 6 
 
 

 
Figure 3 Simulated steady-state values versus displacement for (a) resistor temperatures, (b) 
resistance values, and (c) normalized sensor output. [39] 

 

 

 

0.2 0.4 0.6 0.8
500

550

600

650

700

750

800

850

x / L

Te
m

pe
ra

tu
re

 (C
en

tig
ra

de
)

(a)

0.2 0.4 0.6 0.8
1.18

1.2

1.22

1.24

1.26

1.28

1.3

1.32

x / L

(b) Resistances

0.2 0.4 0.6 0.8
-0.06

-0.04

-0.02

0

0.02

0.04

0.06

x / L

(c) Sensor output

T1

T2

R1 / Ro
R2 / Ro

Ro(R1
-1-R2

-1)



3 Microfabrication 
    The device was fabricated in a commercial Silicon-On-Insulator (SOI) 
Micromachining process in a MEMS foundry (MEMSCAP) [41]. This process 
allows fabrication of silicon structures with a fixed 25 µm of thickness and a 
minimum 2 µm of width and gap. The final device structure is illustrated in Figure 
4, and the fabrication process is briefly described as follows: 

1. Microfabrication starts with a highly doped n-type 25 µm silicon device layer, 
on which metal pads (20 nm Cr and 500 nm Au) are deposited by e-beam 
evaporation and patterned through lift-off process. The metal pads are to 
provide ohmic contact for probes and/or bonding wires. 

2. Silicon is lithographically patterned to define the structures. Then deep 
reactive ion etch (DRIE) is applied from the front side of the wafer to define 
both the anchored and movable features of the structure. 

3. A protective polyimide layer is applied to the top surface of the silicon layer 
to protect the silicon structures during the following etching process. 

4. Another deep reactive ion etch (DRIE) is applied from the back side of the 
wafer to etch completely through the substrate in defined areas, stopping on 
the buried oxide layer. Then a trench underneath the movable structures is 
created. 

5. The exposed buried oxide is removed using a wet oxide etch process (HF 
etching). 

6. The polyimide coat on the front side is removed by oxygen plasma, thereby 
allowing the movable structure to be fully released. The front side oxide layer 
is removed using a vapor HF process. Then a large contact metal pad (i.e. 
electrical grounded contact) is patterned on the substrate to reduce parasitics. 
 

 
Figure 4 SOIMUMPs microfabrication structures from MEMSCAP [41] 

 
    The Scanning Electron Microscope (SEM) image of the whole device and a 
close-up section of it are provided in Figure 5. 

 



 
 

Figure 5 SEM images of the micromachined nanopositioner. The close-up section shows the 
details of a pair of electrothermal sensors, and positioner stage as a heat sink for the sensors 
[39] 

    To reduce the thermal coupling effects from the electro-thermal actuators to 
thermal sensors, a number of holes were embedded in the centre shuttle between 
actuators and the heat sink plate. The holes are expected to improve the thermal 
convection, thereby thermally insulating the heat sink plate from actuators. The 
suspension beams help the thermal insulation as well, due to the heat transfers to 
the substrate through the suspension beams and its anchors. Table 2 summarizes 
the device design parameters and measured beam resistance. 

 
Table 2 Design Parameters and Values 

Parameters Values 
Thermal actuator beam width (µm) 5 
Thermal actuator beam length (µm) 2×400 

Thermal actuator beam angle (degree) 0.57 
Thermal actuator beam quantity (pair) 10 

Suspension beam width (µm) 5 
Suspension beam length (µm) 400 

Suspension beam angle (degree) 0 
Suspension beam quantity (pair) 3 
Thermal sensor beam width (µm) 2 
Thermal sensor beam length (µm) 100 

Gap between thermal sensor and heat sink plate (µm) 2 
Heat sink plate dimension (µm×µm) 200×200 

Device thickness (µm) 25 
Measured resistance of thermal sensor R1 at room temperature (Ω) 388.9 
Measured resistance of thermal sensor R2 at room temperature (Ω) 391.6 

Measured resistance of electro-thermal actuator at room temperature (Ω) 116 



4 Experimental Characterization 
 

 
Figure 6 Displacement measurement using PolytecTM Planar Motion Analyzer (PMA-400, 
Polytec GmbH) 

 

Figure 7 Time response of the electrothermal actuator with step actuation voltages of 8.5 V 
and 9.0 V. 

    The displacement of the nanopositioner was calibrated using a PolytecTM 
Planar Motion Analyzer (PMA-400, Polytec GmbH). To accurately characterize 
the in-plane displacement of the positioner stage, digital image capturing and 
analysis methods were utilized. The PMA has an ordinary speed camera with a 
limited exposure time of 82 ms, however it can measure periodic processes at 
frequencies as high as 1 MHz by using the stroboscopic principle [42]. Step 
response is essential to characterize the dynamic performance of the positioner. 
Time constant and displacement can be obtained through step response 
measurement. Therefore, step voltages were applied to the actuator periodically, 
and the PMA recorded the displacement time response in each period, as shown 
in Figure 6. The step time response of the actuator has been characterized using 



different actuation voltages of 8.5 V and 9.0 V to exam the step displacement and 
time constant.  As illustrated in Figure 7, after 20 ms of actuation, the positioner 
stage reached the stable positions of 13.6 µm and 14.4 µm with 8.5 V and 9.0 V 
step actuation voltages respectively. The time constant is approximately 1.6 ms 
for both cases.  

          
Figure 8 Experimental calibration curves: (a) displacement versus actuation voltage for 
actuator; (b) output voltage versus displacement for sensor. 
 
    To control the positioner stage with high resolution, the static characterization 
of the actuator and the sensor must be implemented accurately. Particularly, two 
calibration curves are required: displacement versus actuation voltage curve for 
the actuator and output voltage versus displacement curve for the sensor.  
Accurate displacement measurement is crucial for the above two calibration 
curves. Therefore, Planar Motion Analyzer (PMA) is utilized to measure the in-
plane displacement. The static displacement versus actuation voltage measured 
data with a fitted fifth order polynomial is illustrated in Figure 8(a). With the 
actuation voltage of 9 V, the electrothermal actuator can achieve a maximum 
displacement of 14.4 µm, which is matched well with the step response 
measurement in Figure 7. Due to the nature of the thermal expansion, the actuator 
can only move forward in one direction after application of a voltage. However, 
the actuator can be biased to an initial position by a dc offset voltage, such that it 
can move forward or backward by increasing or decreasing the applied voltage.  
For instance, for a 10 µm travel range with bi-directional movement, the actuator 
can be actuated by a 4.5 V dc voltage to the middle position (5 µm) of the desired 
range. 

    To calibrate the position sensor, the instrumentation amplifier outputs were 
recorded at every actuation voltage, as illustrated in Figure 8(b). The sensors were 
biased with 6 V and the instrumentation amplifier gain was set at 90.3 V/V. With 
the bias voltage of 6 V, a power of 60 mW is consumed in each sensor and the 

(b) (a) 



sensitivity is 0.27 mV/nm with a displacement up to 6 µm. As shown in Figure 
8(b), the sensitivity drops when the displacement is more than 6 µm. A possible 
reason is that the temperature distribution is not uniform in the thermal sensor 
beams. Because of the heat loss at the anchors of the sensor beams, the centre of 
the beam is hotter than its two ends, as described in [43].  

    To visualize the temperature distribution, a 10 V dc voltage was applied to the 
left sensor in Figure 9. Visible light was observed in the centre of the silicon beam 
while the two ends of the sensor beams have no light. The right sensor is dark 
because no voltage was applied to it for the comparison purpose. It was observed 
that 10 V is safe for the silicon beam without damage. However, the bias voltage 
should be far less than 10 V for the sensor’s reliability reason. Therefore, the 
sensor is calibrated with 6 V bias voltage.  

    It will be of interest to investigate the effect on the sensor sensitivity from the 
bias voltage. The relationships between positioner displacement and sensor 
output at various sensor biases are illustrated in Figure 10. The sensitivity can be 
increased by increasing the sensor bias voltage. However, the nonlinear nature of 
the response could not be eliminated by increasing the bias voltage. 

 

 
 

Figure 9 Optical micrograph of the position sensor’s illumination with an applied voltage of 
10 V to the left silicon beam. No voltage was applied to the right sensor for comparison 
purpose. [39] 

 



 
Figure 10 Output voltage versus displacement with different sensor bias voltages of 6 and 7 
V. [39] 

 

 
Figure 11 Measured resistance versus voltage with no bias voltage applied to the sensor pair. 
 
    As actuator and sensor are on a single silicon chip, we cannot assume that the 
displacement does not have any effect on the temperature of the area around the 
sensor resistors.  To investigate the thermal coupling from actuator to sensor, the 
sensor resistances were measured using multimeter without applying an external 
bias voltage. As shown in Figure 11, it is observed that the un-biased sensor 
resistances increase about 6.4 percent for a 12 μm displacement, just due to 
transfer of heat from actuator to sensor. The difference between the two curves in 
Figure 11 is because of the variations and errors in beam dimensions during 
microfabrication. 



 
Figure 12 Experimental calibration curve: actuation voltage versus sensor output votage for 
the overall system including actuator and sensor. 
 
    Dynamic characterization is crucial for control implementation. HP35670A 
spectrum analyzer was utilized to characterize the positioner’s dynamic 
performance. To characterize the frequency response, the nanopositioner can be 
regarded as an input-output system, which is connected to the spectrum analyzer. 
The input actuation voltage versus sensor output voltage curve can be obtained 
from the measured data in Figure 8. The fitted fifth order polynomial calibration 
curve is illustrated in Figure 12. To drive the actuator at high frequency, a dc 
voltage of 4.5 V superimposed with an ac voltage of 1 V was applied to the 
electrothermal actuator. Swept sinusoidal measurements were carried out from 1 
Hz to 51.2 kHz by applying the input voltage to the actuator and sensing from the 
on-chip thermal sensors. The frequency response, illustrated in Figure 13, shows 
that the open-loop bandwidth of the positioner is 101Hz, which is relatively low 
compared to the thermal structures fabricated by PolyMUMPs [44]. The reason 
is because of the fact that the heat transfer to surrounding air in SOIMUMPs is 
much slower than that to the substrate in PolyMUMPs. However, the bandwidth 
of 101 Hz is satisfactory for some positioning applications. 

 
 



 
 

Figure 13 Measured open-loop frequency response of the MEMS nanopositioner using 
HP35670A spectrum analyzer. 

 
 

 
Figure 14 Experimental results of sensor drift (open-loop) over 2000 seconds. 

 
    Figure 14 shows the open-loop sensor drift when the positioner is at rest, which 
was measured at the output of the instrumentation amplifier over a period of 2000 
seconds under normal laboratory conditions. Low frequency drift can be 
calculated by the moving average of the measured data. Thanks to the differential 
sensing of the sensor pair, the open-loop amplifier output has a low drift of 2.4 
mV over 2000 seconds, which corresponds to 8.9 nm displacement.  

 

 

 



 

5 Control Implementation 
 

    Having known the static and dynamic parameters of electrothermal actuators 
and sensors, proper control strategies can implemented to achieve high 
positioning resolution and stability for the MEMS nanopositioner.  In this section, 
open-loop and closed-loop position control strategies are investigated to control 
the MEMS positioner to have a positioning resolution in nanometre range. A 
dSPACE-1103 rapid prototyping system was used for real time implementation 
of the controllers and data acquisition. The dSPACE system is fully 
programmable from the Simulink® block diagram in Matlab environment. 

 

5.1 Open-loop control 
 

 
Figure 15 Block diagram of the open-loop control system including input and output look up 
tables, reference, electrothermal actuator and sensor. [39] 

    The block diagram of the open-loop control system is shown in Figure 15. 
Accurate look-up-tables are required for fast computation of static nonlinear 
input-output mappings. For a specific input value to the block, it generates an 
output value based on interpolation or extrapolation among the recorded data 
values. The look-up-table at the input of the electro-thermal actuator converts the 
reference signal in micrometres to an appropriate actuation voltage, as illustrated 
in Figure 16(a), which was obtained using Planar Motion Analyzer as described 
in Section 5. However, the number and precision of measured data points are not 
enough to provide a smooth curve. Therefore, a fifth order polynomial was fitted 
to the measured data in Figure 16(a) to generate the data for the input look-up-
table. In similar way, the look-up-table at the output of the electrothermal actuator 
was obtained to convert the sensor output voltage to displacement in micrometres, 
as shown in Figure 16(b). For a sensor bias voltage of 7 volts, a third order 
polynomial was fitted to the measured data points in Figure 10 to generate smooth 
and monotonic data for the output look-up-table. To avoid the infinite slope of 
the curve around zero displacement in Figure 16(a), the origin for displacement 



was shifted to +1 micrometer. Then both input and output look-up-tables were 
input to Simulink to control the electrothermal actuator.  

 

 
 

Figure 16 The data used in input and output look-up-tables. [39] 
 

    To evaluate the control capability of the open-loop control method, a stair-case 
reference signal is utilized as shown in Figure 17. The reference voltage increased 
from 0 to 10 V with 2.5 V steps and 50 millisecond time intervals, and then 
decreased to 0 V in same manner. Unfortunately, it can been seen in Figure 17 
that the open-loop controller cannot provide an acceptable tracking performance 
for stair-case displacement. A maximum displacement error of 0.96 µm (9.6% 
error) was observed at 10 µm stroke. This is due to the plant uncertainties and the 
drift in the sensor and electronic circuits. Plant herein refers to the combination 
of the electrothermal MEMS device and electronic circuits for actuation and 
sensing. Therefore, feedback control strategies have to be considered to 
compensate the uncertainties and errors for accurate positioning.   



 
Figure 17 Tracking performance of open-loop control method for a stair case reference. 
Large over-shoot errors are observed. 

 
 

5.2 Closed-loop control 
 

 
Figure 18 Block diagram of one-degree-of-freedom (1DoF) PI control system including 
input and output look up tables, reference, electrothermal actuator and sensor, PI controller. 
[39] 
 
    For closed-loop control, we incorporated a proportional-integral controller (PI 
controller) in addition to the nonlinear mappings, as illustrated in Figure 18. The 
integration part in the PI controller provides a closed-loop unity low frequency 
gain form reference to displacement for set point tracking and robustness to 
uncertainties and disturbances. The proportional part in the PI controller is 
utilized to reduce the overshoot in step response. The integral gain and 
proportional gain were determined by experimental measurements. With an 



integral gain of ki=700 and a proportional gain of kp=1.3, the positioning 
performance is significantly improved compared to open-loop case, as shown in 
Figure 19. Based on this control scheme, a controllable desired response of 2.5 
μm steps over a 10 μm range was obtained with a maximum time constant of 1.4 
ms. As illustrated in Figure 19, the overshoot issue in open-loop control was also 
eliminated. 

 
Figure 19 Tracking performance of 1DoF closed-loop control method for a stair case 
reference. 

 

 
Figure 20 Close-up view of the 7.5 μm closed-loop seek operation in Figure 19. RMS 
positioning error of 8.6 nm is observed. [39] 

 

Figure 20 is the close-up view of the 7.5 μm closed-loop seek operation in 
Figure 19, which indicates a steady-state RMS positioning error of 8.6 nm. As a 
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comparison, the steady-state RMS positioning error of a similar open-loop seek 
operation can reach to 1180 nm.  

    To further investigate the tracking capability of the nanopositioner, a 10 Hz 
triangular reference covering a 10 μm range was applied. The one-degree-of-
freedom (1DoF) PI control system in Figure 18 yielded an acceptable control 
performance, as shown in Figure 21 (labeled “No prefilter”). With an integral 
gain of ki=2000 and a proportional gain of kp=4, the steady-state tracking error 
has a standard deviation of 90 nm, which is less than one percent of the 10 μm 
full range.  

 
 

Figure 21 Performance of 1DoF (no prefilter) and 2DoF (with prefilter) control systems in 
tracking of a triangular reference. RMS positioning error of 90 nm is observed. [39] 
 
The control performance can be further improved with a 2DoF control system 
consisting of a PI controller and a prefilter. The look-up-tables provide the 
nonlinear mappings described earlier. To provide better stability margins we used 
lower gains of ki=1100 and kp=2 for the PI controller. This also reduces the effect 
of measurement noise on the controlled displacement output due to feedback. The 
tracking performance for a 10Hz triangular reference is shown in Figure 21 
(labeled “With prefilter”). It can be observed that displacement output closely 
follows a desired triangular reference within a wide range of 10 μm with a 
standard deviation of 20 nm. 



6 Conclusion 
 
    The control issues of Microelectromechanical System (MEMS) 
nanopositioning devices are introduced and discussed. A novel micromachined 
silicon nanopositioner with on-chip electrothermal actuators and electrothermal 
sensors has been presented with nanometre resolution and low drift. The MEMS 
positioner was embedded in a feedback loop to realize a precise position control. 
Due to the nonlinear nature of the electrothermal actuator, a nonlinear inversion 
block was added to the feedback loop to linearize the plant. The experimental 
results showed that the positioner with a PI controller achieved a high degree of 
positioning accuracy with high robustness.  

    The electrothermal actuator positions the heat-sink plate, which is a suitable 
platform for samples located on it as a load. This one-dimensional positioner is a 
preliminary experimental device for the future two-dimensional positioners [45], 
which can be used as a nanopositioner stage for scanning probe microscopy. As 
the forces induced by thermal expansion of the arms are large, it is expected that 
the performance of the positioner would not significantly change if small probes 
or samples are attached to the platform. Due to the limitation of the SOIMUMPs 
fabrication process, it is not possible to design a two-dimensional thermal based 
positioner in a single device layer. However, the thermal sensors and actuators 
can be placed in different layers, which can be fabricated in METALMUMPs 
process through MEMSCAP. 
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