1164

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 24, NO. 4, AUGUST 2015

Force-Controlled MEMS Rotary Microgripper
Busara Piriyanont, Student Member, IEEE, Anthony George Fowler, Member, IEEE,
and S. O. Reza Moheimani, Fellow, IEEE

Abstract— This paper presents a force-controlled microelectromechanical systems rotary microgripper with integrated
electrothermal sensors. The proposed microgripper achieves a
large displacement (85 µm) at low driving voltages (≤80 V).
Closed-loop force control is implemented to ensure the safety
of the operation where the controller gain is experimentally
tuned so that the desired response is achieved. One of the
main contributions of this work is the implementation of a nulldisplacement feedback control force-sensing technique, where the
controller counteracts the input disturbance (contact force) and
an integrated electrothermal displacement sensor provides a feedback signal to close the control loop. In this manner, the contact
force is measured without moving the structure. Finally, the effectiveness of the controller and the performance of the proposed
microgripper are verified by a set of experiments. The results
demonstrate the satisfactory performance of the proposed forcecontrolled microgripper in a practical application. [2014-0374]
Index Terms— MEMS micro-gripper, micromanipulation,
gripping force, force control, electrothermal sensor.

I. I NTRODUCTION

A

MEMS MICRO-GRIPPER is a microelectromechanical device consisting of actuators, sensors, and other
mechanical elements, capable of performing manipulation
tasks on micron-size objects (1-100μm). The micro-gripper
is an important tool in micromanipulation, with typical
applications involving micro-assembling, testing microsystem components, measuring mechanical properties [1], and
handling/manipulating biological cells and tissues [2].
A variety of micro-grippers have been proposed based on
different fabrication processes, actuation methods and forcesensing principles [3]–[8]. One example is reported in [9],
which presents a monolithically fabricated micro-gripper with
a capacitive force sensor. The device achieves a relatively
large output force and displacement at the tip of the gripping arm. However, a significant driving voltage is required
(150V), and a relatively large proportion of the device’s area
is occupied by the comb-drive actuator. Even though the
device’s capacitive sensor offers a high sensing bandwidth,
it has low resolution and sensitivity. Alternatively, an electrothermally actuated micro-gripper in [10] achieves a large
output force/displacement at a much lower driving voltage.
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However, due to the high operating temperature (105 °C) of
the electrothermally actuated gripper, it requires high power
consumption and exhibits the buckling effect. Also, the high
temperature of the device during operation is undesirable
for bio-manipulation where the properties of the sample
and/or the liquid medium are concerned. Another design
discussed in [11] is a piezoelectric driven micro-gripper with
strain gauges for force measurement. Although such a device
achieves a large output force/displacement using a bridgetype displacement amplifier with a rotary bearing mechanism,
undesirable phenomena including hysteresis nonlinearity and
creep are observed. The hysteresis nonlinearity significantly
reduces the precision of the actuator. Therefore, piezoelectric
actuators commonly require a control method to improve the
resolution and precision of the gripping operation. The major
advantages of using strain gauges for force sensing are their
simplicity, acceptable accuracy, speed and low costs. Nonetheless, this approach is limited by its ability to resolve the
gripping force (mN) with sufficient precision, given that many
microassembly tasks require a higher force resolution (μN).
In order to provide an effective tool for micromanipulation
tasks, a force sensor and closed-loop control implementation
are needed to ensure that the force applied by the microgripper does not damage the captured sample. A variety
of force sensors and control strategies for micro-grippers
have been proposed within the literature. Force control
based on position control using visual feedback was reported
in [12] and [13]. The visually-based feedback control method
relies on a sensory capability which is based on proprioceptive sensors. The control schemes that employ proprioceptive
sensors may have poor performance because of changes in
the environment and/or modeling errors. Therefore, visuallybased position control is not sufficient to maintain the applied
gripping force in a safe range. Force and position controllers
are implemented for a hybrid thermo-piezoelectric microgripper in [14]. The controller operates in two modes, where
it automatically switches between coarse and fine position
modes. Due to a lack of integrated sensors, external optical
displacement sensors are used to measure the deflection of the
gripping arms and estimate the gripping force. Although the
feedback system is reported to track the desired set points,
a time delay and slow response are observed during the
coarse positioning mode. Direct control of the gripping force
in the range of milli to micro newtons has been achieved
in [15]–[17]. The micro-grippers developed in [18] and [19]
use only one arm for force sensing and control. In [20], a voice
coil motor (VCM) is used for actuation of a micro-gripper,
with strain gauge sensors being used to implement position and
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TABLE I
A C OMPARISON OF THE ATTRIBUTES OF E XISTING M ICRO -G RIPPER D ESIGNS

force control. Even though a VCM offers high force values,
the results show that both controlled position and force outputs
are considerably noisy.
In this paper, a force-controlled MEMS micro-gripper with
integrated electrothermal sensors is presented. This work
builds on the previous initial characterization results reported
in [25]. The proposed force control is implemented to ensure
that the gripping force is maintained at the chosen setpoint,
therefore preventing delicate samples from being damaged
during the micromanipulation operation. Also, this work
employs a null-displacement feedback control force sensing
technique which eliminates the difficulty dealing with the nonlinearity in microstructures at large displacement. In addition,
a force calibration technique is presented where the sensitivity
of the force sensor is determined using capacitive and angular
displacement measurements. The performance of the presented
MEMS rotary micro-gripper is compared with other existing
micro-gripper designs as summarized in Tab. I.
The paper is organized as follows. Section II outlines
the micro-gripper’s working principle and characterization of
the device. The actuators’ electrostatic nonlinearity and the
characteristics of the electrothermal sensor are investigated
in this section. Section III provides the system identification
and experimental force calibration. A feedback controlled
sensing technique and a force control scheme is developed
in Section IV. Next, experimental studies on force tracking
and micro-bead gripping are carried out in Section V to verify
the effectiveness of the force-controlled micro-gripper. Finally,
Section VI concludes this paper.
II. P RINCIPLE OF MEMS ROTARY M ICRO -G RIPPER
A. Working Principle
The gripper consists of a pair of gripping arms with an
initial opening of 100 μm, and two sets of electrothermal
displacement sensors and rotary comb-drives. Each gripping
arm connects to actuators and heat sink plates via a curved
shuttle, and is suspended by a series of flexures. The schematic
structure of the MEMS rotary micro-gripper is illustrated in
Fig. 1. The electrothermal displacement sensor is incorporated into the gripping arm via the shuttle, where the sensor
consists of two resistive heaters and a heat sink positioned
adjacent to the resistive heaters with a 3μm gap. At rest,
the sensors (R1 , R2 ) are biased at the selected operating
voltage, with the heat generated from each heater conducting
across the air gap to the heat sink attached to the rotary
shuttle. In the micro-gripper’s neutral position, the overlap
between the heat sink and each beam heater is equal, resulting

Fig. 1. The schematic of the MEMS rotary micro-gripper with (a) integrated
electrothermal sensor. A square root function applied to the actuating signal
is used to cancel the nonlinearity in the electrostatic actuator.

Fig. 2. Block diagram of the null displacement force feedback control, where
the input to the system is the disturbance force d, and the output of the system
is the control signal u b .

in the heaters having identical temperatures and resistances.
Once the sensing arm experiences a contact force, the heat
sink (which is connected to the gripping arm) is pushed
toward the right, as indicated in Fig. 3. The deviation of
the heat sink’s position induces a difference in the heat
fluxes from the two beams, creating differential changes in
their temperature. Due to the temperature-dependent resistivity
of silicon, these temperature changes result in differential
resistance variations, which are converted into output voltages
via the use of a half Wheatstone bridge and an instrumentation
amplifier.
In this work, we employ a null-displacment feedback control
force sensing technique, where the contact force is measured at
the sensing arm’s null position, as reported in [24]–[26]. Due
to the fact that the force being measured is no longer dependent
on the mass and stiffness of the sensing structure, it eliminates
the difficulty in dealing with the nonlinearity of the mechanical
structure at large displacements. The null displacment forcesensing method is based on feedback control as illustrated
in Fig. 2, where the contact force is treated as an input
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Fig. 3. An image of the MEMS rotary micro-gripper with zoomed-in images showing a section of (a) the gripping arms, (b) the rotary comb-drive,
and (c) electrothermal displacement sensor.

disturbance d and the output of the system is the control
signal that is used to compensate for the disturbance. With
the set-point of the controller being set to the sensing arm’s
equilibrium position (r = 0), the controller C2 generates the
required control signal to counteract the disturbance, therefore
restoring the displacement of the sensing arm to zero. Note that
the controller gain (K 2 ) is experimentally tuned and selected to
be 150, where the system achieves satisfactory force tracking
and disturbance rejection. At this point, the electrostatic force
generated due to the control signal is equivalent to that of the
disturbance force (contact force), thus the contact force can
be measured by monitoring and interpreting the control signal
u b . The empirical relationship between the contact force and
the control signal is experimentally calibrated and described
later in Section III.

The fabricated device is an electrostatic-based microgripper, using a rotary comb-drive to generate torsional motion
(small angle) where the output displacement is amplified by
the length of the gripping arm. The rotary comb-drive is a
capacitive actuator that consists of two interdigitated curved
finger structures where one set of comb fingers is fixed while
the other set is suspended by flexures, allowing the structure
to move. The total capacitance [27] of the structure can be
calculated from (1),

n−1
n−1


−1
−1
(1)
[ln(ai )] +
[ln(bi )]
Ct ot = 0 (θ + θo )h
i=1

a voltage is applied across the comb structure, causing the
comb fingers to be drawn together. The generated torque [27]
is proportional to the square of the driving voltage and a
differential change of capacitance as expressed in (2), and is
described in its expanded form in (3).
1 ∂C 2
(
)V
(2)
2 ∂θ

n−1
n−1


1
−1
τ = 0 h
[ln(ai )] +
[ln(bi )]−1 V 2 = βV 2 (3)
2

τ =

B. Device Analysis and Characterization

R0 +2i(W f +g)
R0 +2i(W f +g)−g ,

TABLE II
ROTARY C OMB -D RIVE D ESIGN PARAMETERS

i=0
R +(2i+1)(W f +g)
bi = R00+2i(W f +g)+W
,
f
(8.85 × 10−12 Fm−1 ), θ

where ai =
0 is
is the
the permittivity of free space
overlapping angle, θo is the initial engagement angle, h is the
thickness of the comb fingers, R0 is the radius of the first comb
finger, i refers to the i t h comb finger, W f is the finger width,
g is the gap between adjacent fingers, and n is the number
of combs. An attractive electrostatic force is created when

i=1

i=0

For simplicity, β is assigned to represent the electrostatic
constant of the comb-drive as described in (4)

n−1
n−1


1
−1
−1
β = 0 h
(4)
[ln(ai )] +
[ln(bi )]
2
i=1

i=0

Using the design parameter values given in Tab. II, the electrostatic constant of the actuating comb-drive (β1 ) and sensing
comb-drive (β2 ) are determined to be 14.1478 pNmV−2 and
7.0739 pNmV−2 respectively.
To obtain the static characteristic of the comb-drive,
the tip displacement is measured using a Polytec Micro
System Analyzer (MSA-400), where the fitted quadratic
function of the measured tip displacement is described
as (5):
x 1 = 0.013 × V12 ,

x 2 = 0.0078 × V22

(5)
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The device achieves a large output displacement (85μm) at a
comb-drive voltage of 80V. The quadratic relationship between
comb-drive voltage and electrostatic force/torque contributes
to a static nonlinearity in the system (τ ∝V 2 ). As depicted in
Fig. 1, the nonlinearity of the comb-drive is cancelled out by
cascading the actuator with the inverse function of its quadratic
behavior, where the inverse function outputs the comb-drive
voltage V 2 by performing a square root operation on the
control signal u as given in (6a) and (6b). This results in
a one-to-one relationship between control signal u and sensor
output Vo .
√
V1 = 33.71 u 1
(6a)
√
(6b)
V2 = 32.11 u 2
By substituting (6a) and (6b) into (3), the electrostatic torque
and force of the actuating comb-drive (τ1 , F1 ) and sensing
comb-drive (τ2 , F2 ) can be expressed in terms of control signal
u as shown in (7a)-(7d).
(7a)
τ1 = 1, 136β1u 1 = (16.077 × 10−9 )u 1
τ1
−6
= (4.03 × 10 )u 1
F1 =
(7b)
l
(7c)
τ2 = 1, 030β2 u 2 = (7.2927 × 10−9 )u 2
τ2
−6
= (1.87 × 10 )u 2
F2 =
(7d)
l
where l is the length of the gripping arm (3.9mm). Finally, the
actuating comb-drive and sensing comb-drive are linearized
with an input-output gain of 4.03 μNV −1 and 1.87μNV −1
respectively.
Figure 3 depicts scanning electron microscope (SEM)
images of the MEMS rotary micro-gripper fabricated on
25 μm thick silicon using a commercial silicon-on-insulator
MEMS foundry process (MEMSCAP) [28], where the
zoomed-in image of the electrothermal sensor is illustrated
in Fig. 3(c). The resistive sensors are made of curved silicon
beams (3μm × 200μm × 25μm) and positioned adjacent to
the heat sink plate with a 3μm gap. At room temperature, the
resistance of each beam is measured to be 300. Time domain
identification [29] is performed to obtain the dynamic behavior
of each electrothermal displacement sensor. The sensors’ step
response has a time constant of 45 μs, which indicates a
sensing bandwidth of 3.5 kHz. The sensitivity of the sensing
system is determined by the chain rule:
∂ Vo2 ∂ x 2
∂ Vo2
=
·
∂u 2
∂ x 2 ∂u 2
where the system gain is 1, and the displacement is expressed
as a quadratic function of comb-drive voltage in (5). As we
include the electrostatic linearization given in (6b), the displacement can be described as a function of control signal
x 2 = 80.422 × u 2 . Therefore, the sensitivity of the sensor
is determined to be 0.124 Vμm−1 at the selected sensor
operating voltage (9.65V). The temperature and resistance of
the electrothermal sensor [30] are estimated to be 786 °C
and 386 respectively. Although the sensor operates at high
temperature, its relatively small size and geometric separation
from the gripping arm limit the effect of thermal coupling to
a sample during operation.

Fig. 4. Open loop frequency response of (a) the actuating system and (b) the
sensing system at selected sensor bias voltage (9.65V) up to 2kHz.

III. S YSTEM I DENTIFICATION AND C ALIBRATION
OF F ORCE S ENSOR
A. System Identification
To investigate the response of the actuating/sensing system
to a driving voltage, the open-loop frequency analysis of
the system is performed using a chirp signal. The frequency
responses of the actuating and sensing systems are plotted in
Fig. 4. It can be inferred from the figure that the systems
are linear second-order systems with a resonance frequency
at f 1 = 502 Hz and f 2 = 509 Hz and with damping ratio
ξ1 = ξ2 = 5 × 10−3 . Since the electrothermal displacement
sensor alone exhibits a linear characteristic within the frequencies of interest, the sensor is considered as a gain to the system,
meaning that a second-order system is expected. Consequently,
the transfer function of the actuating system G 1 , and sensing
system G 2 can be expressed as:
1.14
+ 31.54s + 9.94 × 106
1
.
G 2 (s) = 2
s + 31.98s + 1.02 × 107
G 1 (s) =

s2

(8)
(9)

B. Force Sensor Calibration
In this work, experimental measurements are performed to
obtain the value of β, which is the gain from the comb-drive
voltage to the comb drive torque. The calibration technique
used in this work allows us to identify this empirical relationship without using an external calibration device. This
calibration method is used to calibrate the MEMS force sensor
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Fig. 6. Block diagram of null-displacement feedback force controlled MEMS
rotary micro-gripper. The controller (C1 ) is designed to obtain satisfactory
tracking performance.

Fig. 5. The (a) capacitance and (b) angular displacement of the rotary combdrive are measured as a function of comb-drive voltage, using LCR meter and
Micro System Analyzer respectively.

Fig. 7. Image of the fabricated rotary micro-gripper wire bonded to the PCB
and positioned at an inclined angle, allowing the micro-gripper to access the
sample.

reported in [31] where the experimental result demonstrates
the high accuracy of this calibration method.
Since the total capacitance of the comb-structure and angular displacement can be measured as a function of comb-drive
voltage, the differential change in capacitance with respect to
angular displacement is determined through the chain rule.
Equations (10) and (11) describe the capacitance and the
angular displacement as a function of β and V.

7.3913×10−12nN·mV−2 , 64.3×10−9NmDeg−1, and 28.188×
10−12 pF respectively. As we include a function to linearize
the electrostatic actuator as noted in (6b), the gain from the
control signal u 2 to the comb drive torque τ2 is identified to
be 7.613 nN · mV−1. Since the micro-gripper is designed to
rotate at a very small angle, and the gripping arm’s length is
measured to be 3.9 mm, the gain from the control signal to
the torque force developed at the gripping arm is identified to
be 1.95 μNV−1 .

C =

2β 2 2
V + cp
kθ

(10)

β 2
)V
(11)
kθ
Fig. 5(a) plots the measured capacitance (in pF) of the sensing
comb structure versus comb-drive voltage, using an LCR
meter. Through a curve fitting process, the capacitances can
be estimated by a quadratic function as expressed in (12).
βV 2 = kθ θ → θ = (

C = 1.7 × 10−3 V22 + 28.188

(12)

Similarly, the angular displacement is measured in degrees
using the MSA-400. The angular displacement is plotted as
a function of comb-drive voltage in Fig. 5(b). The fitted
quadratic function of the measured angular displacement is
described in (13).
θ2 = 1.15 × 10−7 V22

(13)

By comparing the coefficients of (10) - (13), the electrostatic constant β2 , the angular stiffness kθ2 , and parasitic capacitance c p are experimentally identified to be

IV. F ORCE C ONTROL OF MEMS M ICRO -G RIPPER
In this section, the force control scheme of the MEMS
micro-gripper is discussed. First, we consider the complete
micro-gripper system as a cascaded model comprising the
actuating system followed by the null displacement force
sensing system, where the input and the output of the system
are the driving voltage and the contact force (measured as a
function of the control signal u), respectively, as illustrated
in Fig. 6(a). Integral controllers are implemented for the
disturbance rejection and force control in this system where the
block diagram of the entire null-displacement feedback force
controlled MEMS rotary micro-gripper is illustrated in Fig. 6.
The output (measured force) of the sensing system is used
as a feedback signal to close the control loop. The empirical
relationship between the force being measured and the control
signal is assigned as a function α, which was experimentally
obtained and described in Section III.
α = 1.95μN V −1
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Fig. 8. Closed loop performance of the force controlled MEMS rotary micro-gripper performing constant reference force tracking, showing (a) reference
and measured contact force, (b) error signal, (c) measured comb-drive voltage, and (d) sensor position.

The controller gains (K 1 = 5, K 2 = 150) are experimentally
tuned to achieve satisfactory force tracking and disturbance
rejection. In order to suppress the dynamics of the gripper
at its first resonance mode, a second order Butterworth filter
is included as a part of the controller (C1 , C2 ). The lowpass filter attenuates the signal components whose frequencies
are greater than the cutoff frequency of the gripping system
(500Hz). Due to the relatively low bandwidth requirements
of the gripping operation, the corner frequency is selected at
100Hz, where it provides sufficient bandwidth to the gripping
operation and suppresses higher frequency signals. The lowpass filter transfer functions included in the controller C1 , C2
are described in (14).
L P1 (s) = L P2 (s) =

3.948 × 105
s 2 + 888.6s + 3.948 × 105

(14)

V. E XPERIMENTAL T ESTING OF M ICRO -G RIPPER
In this study, a micromanipulation system is developed to
verify the effectiveness of the micro-gripper design and the
proposed control method. The fabricated rotary micro-gripper
is wire-bonded to a PCB and mounted to the holder at an
inclined angle as depected in Fig. 7. The position of the sample
holder is adjusted beforehand so that it provides the best access
to the sample. A dSPACE RT1103 board with ADC/DAC
channels is used for processing the I/O signals from/to the
fabricated device, where these signals are then amplified by a
voltage amplifier as required. The controller is implemented
using MATLAB/Simulink software, where the contact force

and gripping process are monitored in real time through a
graphical user interface.
A. Force Tracking Performance
With the assumption that the micro-gripper is initially in
contact with the sample, set-point force tracking is performed
on a 40μm glass micro-bead to evaluate the effectiveness
of the proposed controller. With selected gain K 1 = 5, the
closed-loop response of the controlled micro-gripper to a step
reference force of 1.95μN is plotted in Fig. 8(a). It can be
seen from the figure that the contact force closely tracks the
set point in steady state with a time constant of 31.8 ms.
The corresponding position error, applied comb-drive voltage,
and the sensor position are also plotted in Fig. 8(b) - 8(d)
respectively.
B. Application
A pick-and-place operation on a 60 μm micro-bead is
performed in free air while the contact force F and combdrive voltage V1 are measured and plotted in Fig. 9(a). The
objective of this operation is to isolate a target micro-bead
sample and relocate it away from the rest of the population. The manipulation process consists of four consecutive
steps (I-IV). To begin with, the micro-gripper slowly
approaches and makes contact with the sample as shown in
Fig. 9(b) and 9(c) respectively. Note that while the initial
contact force is very small (0.25μN), it is sufficient to effectively secure the sample between the gripping arms. Once the
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Fig. 9. A pick-and-place operation on a 60μm micro-bead, performed in free air. (a) Time-domain plots of gripping force and comb-drive actuation voltage
during the operation, and (b)-(e) images of the manipulation process.

reference force is defined, the micro-gripper applies a force
to the sample, with the contact force accurately tracking the
reference as shown in Fig. 9(d). Then, the micro-bead is
relocated to a new location by manually adjusting the position
of the micro-gripper’s holder. At the end of the process
(Fig. 9(e)), the object is released at the new location. The result
demonstrates the satisfactory performance of the micro-gripper
at handling a micro-bead with a gripping force of 1.95μN at a
driving voltage of 31.5V, and relocating it to a desired position.
VI. C ONCLUSION AND F UTURE W ORK
A force-controlled MEMS rotary micro-gripper and the
development of a micromanipulation system are reported. The
gripper produces large displacements at low operating voltages
while the integrated electrothermal sensor allows the gripping
force to be monitored during operation. The analysis of the
micro-gripper structure and the experimental calibration of the
electrothermal sensor are presented. A null displacement force
sensing method is used for force measurement whose main
advantage is that the dynamics of the sensing system have
little influence on the measured force. Together with closedloop force control, the contact force exerted on the sample
can be monitored and controlled in real-time, thus reducing
the risk of damaging the sample and/or the device. The
developed micromanipulation system is used to perform tests
demonstrating set-point force tracking and a pick-and-place

operation on 60 μm micro-beads under the microscope. The
experimental results indicate that the implemented controller
provides excellent set-point force tracking with sufficiently fast
time response.
One possibility for future work is to compare the accuracy
of the force sensor with an external calibrated device to
confirm the accuracy of the proposed method. Moreover,
the implementation of more sophisticated vibration control
techniques for the gripping arms. Considering that the grippers
actuating/sensing systems have negative imaginary transfer
functions, a strictly negative imaginary controller can be
designed for vibration control [32]. This will allow the gripping process to be performed at higher speeds, creating the
potential for fast, automated operation. Also, the application of
a sensor fusion method is possible, as the gripper is equipped
with both capacitive and electrothermal sensors [33]. The
combination of the two sensing mechanisms may result in a
better noise profile when the capacitive sensor operates at low
frequencies and the electrothermal sensor operates at higher
frequencies, as reported in [34] and [35]. Finally, an electrostatic drive selfsensing technique [36] can be implemented,
where measurements of the current through the electrostatic
actuator allow the drive to be simultaneously used for actuation
and sensing. This allows the elimination of the existing electrothermal displacement sensors, further reducing the footprint
of the micro-gripper.
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