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Report Title

Final Report: A scanning laser doppler vibrometer for characterizing and optimizing high performance materials,
actuators, and implusive systems

ABSTRACT

We have acquired a Laser Doppler Vibrometer to enable a wide array of experiments aimed at quantifying various actuators and high-speed,
small-scale mechanisms. This system measures out of plane velocities of a moving surface at high sample rates and with a spatial resolution
enabling capture of a reasonably large surface. We have explored the use of this system for the characterization of various actuators (e.g.,
piezoelectric and dielectric elastomer) as well as their constituent electroactive materials. The system provides the ability to perform high
temporal resolution surface analysis, giving us the ability to understand vibration modes in a variety of materials and devices without the
need for physical contact.
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Scientific Progress

Equipment acquired: Turnkey High Performance, 1 MHz Bandwidth VibraScan System
Manufacturer: Polytec
Cost: $275,000

(1) We used the vibrometer to characterize the voltage and frequency responses of 2.5 to 10-mm size flextensional
piezoelectric actuators [1]. The vibrometer significantly reduced the testing time required for each device, allowing us to quickly
iterate through the design space.

(2) The electromechanical coupling coefficients of piezoceramics depend on material strain, applied electric field, and
temperature, and thus are not well known, particularly at high electric fields. To fill this gap, we are using the vibrometer to
better characterize the coupling coefficient d33 at high fields (ongoing, unpublished).

(3) The vibrometer was used to characterize the frequency response of ultrasonic emitters used in advanced 3D printing
techniques (unpublished)

(4) We have used the vibrometer to measure displacement in multilayered dielectric elastomer actuators. Specifically we are
looking at out-of-plane deformation of membranes to quantify strain as a function of applied field and frequency (unpublished).

(5) We have been using the laser doppler vibrometer extensively to characterize piezoelectric actuators — i.e., we measure the
tip motion and the signals from current measurement circuits. The work has been presented at two conferences [2,3] and the
journal manuscript [4] is under preparation.

List of papers that have cited DURIP as support:

[1] A geometrically-amplified in-plane piezoelectric actuator for mesoscale robotic systems, P. York and R.J. Wood, IEEE ICRA,
Singapore, May 2017

[2] Towards rapid running at resonance using HAMR, a biologically-inspired robotic platform, K Jayaram, B Goldberg, N Doshi,
RJ Wood, INTEGRATIVE AND COMPARATIVE BIOLOGY 57, E304-E304

[3] Task driven optimal leg trajectories in insect-scale legged microrobots, N Doshi, B Goldberg, K Jayaram, R Wood, Bulletin of
the American Physical Society 62

[4] Concomitant sensing and actuation for microrobots, K Jayaram, N Jafferis, N Doshi, B Goldberg & RJ Wood, (in preparation
for Smart Materials and Structures, see attachment)

Technology Transfer

n/a



Concomitant sensing and actuation for microrobots

Kaushik Jayaram, Noah Jafferis, Neel Doshi, Ben Goldberg &
Robert J Wood

School of Engineering and Sciences, Wyss Institute for Bioinspired Engineering,
Harvard University, 60 Oxford St, Cambridge, MA 02138

E-mail: kjayaram@seas.harvard.edu

March 2017

Abstract. Miniaturization for microrobotic applications makes sensor fabrication
hard. Here, we present a technique for estimating the velocity (magnitude and phase) of
piezoelectric actuators, a popular choice for driving devices at microscale, that requires
simple electronics and no additional mechanical components, critical for applications
as such small scales. This approach relies on the insight that the motion of the
actuators causes varying strains on the surface on the piezoelectric material, which
via the direact piezoelectric effect, results in a current proportional in magnitude and
in phase with the motion of the actuator. We first experimentally determined the
electrical properties of the actuator in a motionless state and then used these values
to estimate the piezoelectrically generated current during motion. We show that the
behavior of a piezoelectric actuator can be approximated well as a parallel combination
of a frequency and voltage dependent resistor and capacitor and a velocity proportional
current source in the electrical domain. Using the above strategy, we were able to
determine the actuator tip velocity to within 10 yms~! in magnitude and within 10%
phase over a range of voltages (10 — 250V) and frequencies (1 — 2000H z) well beyond
their resonant peaks. We successfully demonstrate the usefulness of this approach on
two millimeter sized robots - Harvard Ambulatory Microrobot (HAMR) and RoboBee
to estimate the phase of the limb and wing trajectories with respect to the drive
commands as they approach resonance. In the future, we aim to use this modality to
detect collisions and enable close-loop feedback for controlling appendage trajectories.
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