
Standard Form 298 (Rev 8/98) 
Prescribed by ANSI  Std. Z39.18

Final Report

W911NF-16-1-0282

68458-EG-RIP.6

617-384-7892

a. REPORT

14.  ABSTRACT

16.  SECURITY CLASSIFICATION OF:

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 

1. REPORT DATE (DD-MM-YYYY)

4.  TITLE AND SUBTITLE

13.  SUPPLEMENTARY NOTES

12. DISTRIBUTION AVAILIBILITY STATEMENT

6. AUTHORS

7.  PERFORMING ORGANIZATION NAMES AND ADDRESSES

15.  SUBJECT TERMS

b. ABSTRACT

2. REPORT TYPE

17.  LIMITATION OF 
ABSTRACT

15.  NUMBER 
OF PAGES

5d.  PROJECT NUMBER

5e.  TASK NUMBER

5f.  WORK UNIT NUMBER

5c.  PROGRAM ELEMENT NUMBER

5b.  GRANT NUMBER

5a.  CONTRACT NUMBER

Form Approved OMB NO. 0704-0188

3. DATES COVERED (From - To)
-

Approved for Public Release; Distribution Unlimited

UU UU UU UU

20-06-2017 25-Apr-2016 24-Apr-2017

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

The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department 
of the Army position, policy or decision, unless so designated by other documentation.

9.  SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS
(ES)

U.S. Army Research Office 
 P.O. Box 12211 
 Research Triangle Park, NC 27709-2211

dynamic analysis; transducers; microrobotics; actuation

REPORT DOCUMENTATION PAGE

11.  SPONSOR/MONITOR'S REPORT 
NUMBER(S)

10.  SPONSOR/MONITOR'S ACRONYM(S)
    ARO

8.  PERFORMING ORGANIZATION REPORT 
NUMBER

19a.  NAME OF RESPONSIBLE PERSON

19b.  TELEPHONE NUMBER
Robert Wood

Robert J. Wood, Ph.D.

611103

c. THIS PAGE

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, 
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments 
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington 
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.  
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection 
of information if it does not display a currently valid OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

Harvard University
Office for Sponsored Programs
1033 Massachusetts Ave 5th Floor
Cambridge, MA 02138 -5369



ABSTRACT

Number of Papers published in peer-reviewed journals:

Number of Papers published in non peer-reviewed journals:

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

Report Title

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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Inventions (DD882)

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.
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Concomitant sensing and actuation for microrobots

Kaushik Jayaram, Noah Ja↵eris, 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 e↵ect, 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 µms�1 in magnitude and within 10%
phase over a range of voltages (10� 250V ) and frequencies (1� 2000Hz) 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.

Keywords: sensing, piezo-electric, actuators, microrobots, concomitant




