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Electrothermal Force Sensor
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Abstract— A microelectromechanical systems (MEMS) rotary microgripper incorporating electrothermal force sensors is reported. The device
is fabricated using a standard SOI-MEMS process and achieves a stroke
of (90 µm) at a relatively low voltage (<80 V). The electrothermal force
sensor has a small footprint, is quite linear, and operates with a high
accuracy. Being fabricated from biocompatible material (silicon) with
sufficiently long gripping arms, the gripper can be used to manipulate
living cells, tissues, and other biologically relevant samples. A pick-andplace experiment on a soft cell is conducted to verify performance of the
proposed rotary microgripper.
[2014-0168]
Index Terms— MEMS, micro-gripper,
micromanipulation, single cell.
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I. I NTRODUCTION
Several micro-gripper designs have been reported in the literature.
The existing designs are often limited due to inadequate actuation
range [1], lack of integrated sensors [2] or low force sensitivity [3].
An electrothermally actuated microgripper is reported in [4] that
achieves a stroke of 11 μm at a very low voltage. However, the device
does not include an integrated force sensor. A monolithically fabricated microgripper thet uses comb-drive actuators and a capacitive
sensor is reported in [5]. A stroke of 100 μm and a force sensitivity
of 0.55 mV/μN are reported. However, a relatively high actuation
voltage is required, and the capacitive sensor has a limited sensing
range which may limit the system’s ability to resolve force.
In this letter, a novel MEMS rotary micro-gripper is reported. The
device is based on a torsional gripping design that includes using
a rotary actuation mechanism [6] together with a small form factor
electrothermal force sensor. The fabricated device achieves a large
and stable actuation stroke of 90 μm using an actuation voltage of less
than 80 V - the full stroke of 100 μm is feasible by simultaneously
actuating the sensing arm. The integrated electrothermal force sensor
possesses a sufficiently high bandwidth and an adequate resolution,
allowing for accurate measurement of the gripping force during the
manipulation process.

II. M ICROGRIPPER D ESIGN
Schematics of the MEMS rotary micro-gripper are depicted in
Fig. 2(a). The micro-gripper is equipped with a pair of long gripping
arms with initial opening of 100 μm. The gripping arms connect to
a rotary actuator and a heat sink plate via a curved shuttle, and are
suspended by flexures. An SEM image of the micro-gripper is shown
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Fig. 1. Scanning electron microscope (SEM) image of the fabricated rotary
micro-gripper and close-ups of (a) a section of rotary comb-drive and (b) an
electrothermal sensor.

in Fig. 1. The device is fabricated on a 25 μm thick commercial
Silicon-On-Insulator MEMS process (MEMSCAP) [7].
The actuation is based on the rotary comb-drive design, a capacitive actuator consisting of two interdigitated sets of curved finger
structures with one set fixed and the other suspended by flexures,
allowing the structure to move. The total capacitance of the actuator
(for small angles) is [8]:
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angle, θo is the initial engagement angle, h is the thickness of the
comb fingers, R0 is 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.
When a voltage is applied across the comb structure, the fingers
are drawn together, creating an angular motion. This is due to the
torque generated according to
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Fig. 2. Schemetric diagram of the MEMS rotary micro-gripper (a) a structure
of the MEMS rotary micro-gripper and its dimensions (b) the electrothermal
force sensor schematic design with maximum sensing angle θm = 1◦ .

In Fig. 3(a), the generated torque is plotted as a function of
the overlapping angle θ, for both arms of the micro-gripper. The
slope of each line is used to estimate of the corresponding torsional stiffness, which turns out to be K 1 = 0.07 μN m/rad and
K 2 = 0.0523 μN m/rad, for actuating and sensing arms, respectively.
The displacement of the actuating arm’s end is measured and plotted
in Fig. 3(b). These measurements were obtained using a Polytec
Micro System Analyzer (MSA-400). A more accurate measurement
of K 1 and K 2 is possible using the method described in [9].

A. Force Sensor
In order to monitor the contact force in real time, a small-formfactor electrothermal displacement sensor is incorporated into the
design of each arm. The sensing mechanism is based on a pair of
slightly curved electrothermal resistive sensors fabricated from doped
silicon with dimension of 3μm × 200 μm × 25 μm, each with a
measured resistance of 300  at room temperature and positioned
adjacent to the heat sink plate with 3 μm gap as shown in Fig. 2(b).
The sensors are DC biased. The heat generated by the resistive
heaters is conducted through the air gap to the heat sink plate.
While at rest, the heat fluxes coming out of the beam resistors are
identical and therefore equalize the temperatures of the heaters and
consequently their resistances. Once the sensing arm experiences
the contact force, it causes the heat-sink plate to deviate from the
central line. This results in a difference in heat fluxes out of the
two beams and thus creates opposite changes in the resistance pair.
The differential changes in resistance result in a variation in currents
flowing through the resistors. The readout circuit, consisting of a
half Wheatstone bridge and an instrumentation amplifier, converts the

Fig. 3. Characterization of the rotary micro-gripper (a) estimated torque
versus overlapping angle (b) measured tip displacement versus driving
voltage.

current variation to an output voltage. The differential construction
of the sensing mechanism significantly reduces nonlinear effects and
noise. Sensitivity of these sensors is dependent on their temperature.
Thus a higher sensitivity is expected at a higher bias voltage. Sensor
responses to motion for 5 different bias voltages are illustrated
in Fig. 4(a) As expected, a higher bias voltage leads to a better
sensitivity and linearity. The bias voltage of 9.65V is selected as the
operating voltage for the sensors. The rest temperature of heaters is
found to be 786 °C using the procedure described in [10]. The sensing
angle θs is proportional to the contact force and can be determined by
measuring the resistance difference between the two sensors. Thus,
the contact force Fg can be calculated from:
K 2 θs
(4)
l
where K 2 is the sensing arm torsional stiffness, θs is the sensing
angle, and l is the sensing arm length. This design is able to detect
gripping forces up to 17 μN with a sensitivity of 0.588 V/μN as
illustrated in Fig. 4(b).
Fg =

III. T HE G RIPPER P ERFORMANCE
The experimental setup is comprised of the MEMS rotary
micro-gripper, wire-bonded to a printed circuit board (PCB) and
mounted on a holder, a test plate, containing samples, mounted on
a 3-axis positioning stage, a data acquisition board, and a high voltage
amplifier. A dSPACE RT1103 board with DAC/ADC channels is used
to produce the requisite control signals, which are then amplified by
a high voltage amplifier capable of producing output voltages up
to 80 V.
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measured during the process and is plotted in Fig. 5. The experiment
indicates satisfactory performance of the micro-gripper in successfully handling a cell with the gripping force of 5 μN and relocating
it to a desired position.

IV. C ONCLUSION
This letter presented the design of a novel MEMS Rotary
Micro-gripper, in which both arms can be actuated and sensed
simultaneously. The design achieves a large stroke at a relatively low
actuation voltage. A small-form-factor electrothermal force sensor
is fabricated for real-time force measurement. The sensor is linear,
offers a high resolution and a large measurement bandwidth. Finally,
the effectiveness of the rotary micro-gripper is experimentally verified
through a pick-and-place experiment performed on a single cell in
solution.
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