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Ultrasonic Traveling Wave Motors 

\ Rotor < (0 

I\ IN A 
Friction layer 

fl 
// ---- -\ Stator surface ------ Elliptical A 

/ motion of 
contact point 

traveling wave in stator 

Merits: 

1) High torque and low speed --suitable for direct drive; 

2) Quick response, wide speed range, hard brake and no backlash 

--excellent position controllability 

3) Silent operation 

4) Compact size and light weight 

5 )  Simple structure --potential low cost . 
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Ultrasonic Motors 

I 

JPL prototype USM PZT ring 
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I -  Detailed 3-D 

f 

Distribution of 
the displacements 
on the top surface 
of the teeth 

Modeling Using ANSYS FEM 

5 



USM performance modeling 

Mechanical Loading of the Stator Friction 
Layer and Rotor - Model assumptions 
Rigidrotor 
Friction layer as vertical springs in Z direction 
The speed in Y direction is the same as the rotor 

J 
V - Rotar 

: : : I : :  v Friction layer I I l I I  : +  1 .. -- 
_ "  

I- 

Stator surface 

Speed ~ r ~ ~ )  

Predicted by computer model 

0 1 200 .300 

Speed ("1 
Measured performance of JPL prototlpe 
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USM’s Performance 
A recent effort to improve the performance of the prototype done by JPL team 
increased the stall torque to 1.4 inch-lb and doubled the maximum speed to 600 
rpm. Correspondingly, the estimated maximum output power is increased to 3.3 
w. 
The estimation formulas for a scaled motor: 

Torque T-D3, Speed(rpm) 0 - l/D, Power W - D2 

Sizes 

Maximum 

- 

Loaded for 
maximum 

power 

I Stator 
Rotor 

Speed 
I 1 Torque 

Speed r-- 

Prototype motor 

600 rpm 

1.4 inch-lbs 
___ ~ _ _ _ _ _ _ _ _ ~ ~  

0.7 inch-lb 

I 

Estimation scaled motor 
~ 

D2.4”(60mm) x0.15” 

D2.4”x0.15” 

300 rpm 

-~ ~~- -_ 

_____ ~ 

11 inch-lbs 

~~ - ~ 

5.6 inch-lbs 
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Canon lens 

USM application 

USM that drives the four photosensitive 

Kyocera 
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~ Surface Acoustic Wave (SAW) Motors 

Signal On 

IDT excite a surface wave on piezoelectric substrate 
causes a mass to surf towards the source 

On 128" Y-cut LiNiO, 
Velocity up to 1 m / s  

40-nonometers step 
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Piezoelectric Pump 

Slots for silicone rubber 

Two Channels 

Holes for inlet and outlet 

Current Specifications 
4-5 cc/min 
1100 Pa 
No Moving Parts 
Peristaltic 

Top cover of the pump 
12 



Ultrasonidsonic DrillerKorer (USDC) 
A tool developed for rock sample acquisition and in-situ analysis in NASA 

missions to Mars, Titan, comets and asteroids 

Basic configuration 
- An ultrasonic hom transducer. 
- A free flying mass (free-mass) 
- A drill stem 

Basic working principle 
- The free-mass bounces between the 

horn tip and a drill stem at sonic 
frequencies . 

- The impacts of the free-mass create 

rasonic 
om/Sta 

Free Mass q; 
7 Drill Stem 

Transducer 
cmacking)  

- 

Fig. 1. The USDC is shown coring with 
minimum axial force and holding torque 
(left), and a schematic diagram of the 
USDC device (right). 

- 
stress pulses that propagate to the 
interface of the stem tip and the rock. 

- The rock fractures when its ultimate 
strain is exceeded. 

Features 
-Low mass and low power 
-Minimum axial load requirement 
-Near zero holding torque 
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Free-mass Driven bv Vibrating Tix, 
J 

Simple collision model 
U I 

C 

5 
0 
s; 
F 
a, 
(I 
e, 
0 

a, 
C 

.- c 

P 

1000 

100 

10 

1 

HOI 

Vibration range 

Vi, Free-mass 

Vin = 0.2 Vtmax Vin = 1.0 Vtmax 

Vin = 2.0 Vtmax Vin = 4.0 Vtmax 

0 1 2 3 4 5 

lncom ing speednip velocity indicates the free-mass coming velocity. 

lverage increase of the free-mass energy ----- indicates the tip maximum velocity 18 
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Free-mass bounce from the bit 

Bounce from bit 
1 

0.9 
0.8 
0.7 

5 0.6 
$ 0.5 
8 0.4 

0.3 
0.2 
0.1 

0 

t l m l s  
t4m15 

20.00 
h 

. r n n  
13.uu * 

E 10.00 2 
0 .- 
Y E 5.00 

0.00 

2 -5.00 
0. 

-10.00 
0 

-1 5.00 

* 
C 

i! 
Q) 

- 

0 10 20 30 40 50 

Time (Microsecond) 
~ ~ ~ -~~~ ~~~~~~~ 

FEM results of the free-mass bounce from 
the drill bit. The free-mass is 2 grams and 
the incoming speed is 1 m / s .  The rebound 
speed is 0.53 m / s  and contact time 16 ps. 

The rebound speed is dependent to the mass 
of the free mass. 
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- i  
I -  Statistics of Free-mass/Bit Impacts 

The impact frequency versus momentum 
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Estimation of drilling rate 

v 

Compression 
strength 

< 50 

50 - 100 

(MP!QP 

~ ~ 

100 - 200 
~ 

> 200 

Drilling rate: 
R=P/E 

Specific 
energy 
Cjoules/cmA3) 

30 
~~ ~ 

~ 

50 
~~~ ~~ 

260 
~ _ _ ~  ~ -_ 

390 

where P = power input to the rock, jouledsec 

E = specific energy, joules/cm3. 

Table Specific energy and 
compression strength of rocks* 

Rock 
type 

Soft 

Medium 

Hard 
-~~ 

Very 
hard 

*W, Maurer, Novel Drilling Techniques, Pergamon 
Press, 1968 

12m3 

LOBO3 

8.OEW2 z 
Y 

6.0E102 

' 4.0Eto2 

2.0m2 

0 . o m  
O.Et00 lEo5 2 H 5  3 .Eo5 4.m5 

DisplaceIllent (I@ 

Force-displacement curve of rock 
surface under the drill bit. 
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!.E+OO 

l.E-0 1 

l.E-02 

l.E-03 

l.E-04 

l.E-05 

l.E-06 

l.E-07 

Estimation of drilling rate 

0 1 2 3 4 

F r e e  M a s s  ( g r a m )  

Drilling rate for different maximum power 
(the average power is maintained at 10 
watts by duty cycling the power supply). 
The brown bar indicates the range of 
experimental data for a variety of rock 
samples . 

5 

l.E-01 
n 

W 

l.E-05 

.3 

1.E-07 
~~ ~ 

l.E-08 

Drilling rate for different free- 
masses. 

0 10 20 30 40 50 60  

M a x i m u m  P o w e r  ( W a t t s )  28 
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0 

Experimental Data of Drilling Rate 

I I I I I I I 

0 5 10 15 20 25 30 35 
Time (minutes) 

+ Olivine Basalt(Tho1eitic) 
-+- Rhyolite Breccia 
A Amygdaloidal Andesite 
7 Volcanic Lithic Conglomerate +- Basal 
-+ Porphyritic Hornblende Andesite 

Andesite Porphyry 
Andesite Porphyry 

-&- Iknolithic Olivine Basalt 
-j- Porphyritic Hypersthene Andesite 

Drill bit: 

D2.85 mm 

Power consummation: 

12 W average (24 W peak power 
with 50% duty cycle) 
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Powder sample acquisition 

Compressed air brings the 
powder sample through the 
tube to the paper. 
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USD C Coring/Breaking/Holding/Extrac ting 

Objective 
Coring/Breaking/Holding/Extracting 
core Push-rod for cor 

Coring bit with 
internal side spring 

Measures 
- Using an internal wedge, the core can be 

fractured near the root via transverse 
forces 

- Thicker wall at the tip of the coring bit to 
prevent the core breaking during coring 

- Side springs allow detainment of the core 

33 
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U SD C Coring/Breaking/Holding/Extrac ting 
- All in one bit using an internal wedge and an internal side spring 

This mechanism was tested on bricks 
Two D6 x 15 mm cores were created out from two attempts 
Side springs allow detainment of the core 
An altemative method for extraction of the core from the coring bit, 
by using the USDC hom successfully “kicked” the core out. 

Detainment spring and a grabbed core 

Two created cores (out of two attempts) 

Core extraction 

“kicking” the 
core out using 
the USDC. 
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U SDC Cor inglBr eakinglHoldingiExtr 4 act ing 
,411 in one bit for rock mav d been fractured 

USDC bit: With an embedded spring near the tip 
Sample: limestone block. 
Drilled depth: D6 x 20-mm 

Fracture the core continuously 
in coring process by control of 

their rounding. Coring bit with a side spring near the tip Core retained inside the bit 

Coring bit with the side 
spring for bit detainment 

Sprin 

Stack of 17-mm high 8 core pieces 
Slot 

Extracted samples u 

37 



94.6 m 
110-mm 

Coring via the USDC 
U 

By controlling the power and wall 
thickness (0.25 mm) of the coring bit, a 
D9x 1 00-mm total long limestone core was 
obtained with reasonable piece-length: 

nutes with the drilled depth of 

The average power to actuator was 9.6 W 
(averaged working power 16 W). 

The total energy to the actuator was 15 
W-hour. 

Bits made of 
high quality 
alloys 

A bit made of Ferro-Tic 

A bit made of Vascomax 

A view of the USDC and the coring 
bit used to sample the above core, 
where a dust removal tubing was 
used. 38 
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Self-Rotating Coring Bit 
Auto rotating in coring process 

Advantages of rotating bits 
0 Preventing the bits from getting 

occasionally stuck in the holes. 
0 Help to make more straight holes. 

Improve drilling efficiency of the bits with 
teeth. 

Mechanism 
Two helical slots was made on the side wall 

0 Under the downward impact of the free 
mass, the helical structure creates a rotating 
component for upper part of the bit. 
The inertia of the upper part brings the 

Self-rotating coring bit 
with helical slots and free 
mass on the top. The 
arrow shows the rotating 
direction. 

lower part of the bit rotating after the 
impact. Sampled core of D7 x 23 

The core was broken to 6 
pieces which are able to 
be put together. 

Test mm from a basal rock. 
0 On a basalt rock 

Rotating at tens rpm. 
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URAT: Ultrasonic Rock Abrasion Tool 

URAT Schematic and Disassembled 

Abrading 
brick 

40 
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Powdered Cuttings 
USDC crusher 

The USDC is used as a rock crushing, milling, and powdering device. 
e Its actuator harmonic motion creates a series of low frequency impacts that grind the sample into 

A crushing chamber confines the free-mass to movement in one direction only leading to a very 

The grinding effect can be enhanced by making a free-mass with teeth on its interface with the 

powder within a short time period. 

efficient milling. 

samde. 



High temperature USDC for Venus JPL 

HT-USDC 
A USDC that can operate at 
45OoC would be applicable for the 
exdoration of Venus. 
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EAP MATERIALS and EAP MIRROR 
Ionic EAP’s 
- Contain electrolyte in a polymer frame. 
- Large bending deformation at low voltage excitation. 
- The component and properties of the electrolyte have to be maintained 

well to keep the performance stable. 

Electric field EAP 
- Piezoelectric, electrostrictive, ferroelectric or dielectric polymers etc. 
- Thickness and length deformation under voltage (1 0 - 1 OOV/pm) 

excitation. Bending with unimorph or bimorph structures. 
- 

- Solid phase, relatively stable. 

Numerical modeling of single-layer electroactive polymer mirrors for space applications, Bao 
X, et al, Paper 505 1-45, Proceedings of the SPIE Smart Structures Conference, San Diego, 
CA., Mar 2-6. 2003 45 
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DEFORMMING CAPABILITY OF EAP 
Electron irradiated P (VDF -TrFE) copolymer 

Samples provided by Dr. Qiming Zhang, Pennsylvania State University 

0 -  

-5  

10 

- 

- 

I 

063 2 e -00 7*y2 
0 0 5 1  

I 
0 10 20 30 

-40 ' 
x (mm) 

Circle fitting for unimorph S1 under 
0 200 400 600 800 1000 

0 

Voltage (V) 

Curvature change of the sample S1 by 
0,240,340,500,700 and 1000 V applied voltage 

E@lOOV/I"" 'total 

Pm 

""total 

~ 

mm 

i 
K @ l K V  I R Sample 

- 

% 
-~ 

Nm2 

6.56E-08 0.808 , 3.2 63 3.9 S I  
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EXAMPLES OF APPLICATIONS 

I_ 2-2 =.Q - 

4-fing;er EAP gripper that is - - -  v 

lifted/dropped by an EAP actuator A IPMC brush cleaned bio-contamlnated 
glass (for sensor in water reclamation 
system) 

Commercial robot fish, EAMEX, Japan 
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EAP MIRROR - INTRODUCTION 

3 
1x100 

1 X I  0-1 

Thin-film mirrors for large apertures, lightweight 
oPtical svstems and microwave antennas operating 

c Honeycomb Glass - 

- -I Inflatable Reflector - 

P 

/ Reflector 4 

-4 -  

I I 

I J . micro-gravity 

132-pound 50-foot-diameter 
inflatable antenna, STS-77. 

space are attractive. 
in 

1 10 100 
Optic Diameter (m) rleoo 

Glass and inflatable optic mass as a function of diameter. 
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CONTROLLABLE THIN-FILM MIRRORS 
The surface shape of these deployable thin film structures 
requires control to a precision range that deDends on the 
specific applications. 

Inflatable mirror with doubly 
curved surface, D=28cm 

v I 

D. Marker, et al, “Optical evaluation of membrane mirrors with curvature,” SPIE V3430,202-208(1998) 

OElectroactive polymers (EAP) are one of potential 
candidates of the actuation materials 

-EAP film can be both the structural and the actuation material of 
the mirrors. 
-Capability to realize distributed actuation to the whole mirror 
surface. 49 



Concept of distributed shape control of 
piezoelectric bimorph mirror 

Two Layer 
Piezoelectric 

ent electrodes 
k o f t o p  and 
om layers 

Layer Small Holes Curvature 
Control 

Deflection Plates V 
Figure 12. Conceptual design of a bimorph mirror designed for independent layer confro/ using a single electron gun 
source. 

- J. W. Martin, et al, “Distributed sensing and shape control of piezoelectric 
bimorph mirrors,” J. Intell. Mater. Sys. Struc. v 11, p 744-757, 2000. 
(Sandia National Lab and University of Kentucky) 
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SINGLE-LAYER EAP THIN-FILM 
MIRROR 

We propose a controllable mirror of single-layer EAP 
film. 
Using isotropic, electric field EAP. 
- Simpler configuration. 
- Better controllability. 

7 
Expand the center part 

more than edge Curved mirror Planar EAP film 

51 



MODELING 
Solve the inverse problem: 
- find required voltage/deformation for desired mirror 

shape. 
Assumption: 
- the film is thin enough, so the bending stiffness can be 

Set the in-plan stress to zero in deformed mirror. 
- Any negative in-plan stress (compression) that will result 

neglected. 

in further buckling of the thin film. 
The desired surface is parabolic with the same 
diameter as the original planer film. 

52 
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0.9 

0.8 

0.7 

0.6 

& 0.5  
h 

N 

0.4 

0.3 

0.2 

0.1 

0 

COMPUTED RESULTS 

0 0.2  0.4 0.6 0.8 1 
(m) 

The target paraboloid is z = 0.2r2 
2 m in diameter 

focus distance 1.25 m, 
flD=0.625. 

.t 
c! c 
rA 

4.5 

4 

3.5 

3 

$ 2.5 

2 

.5 

1 

0.5 

n 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

r (m) 

Required extension strain 
s,,, = 4% 
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CONTROLABILITY OF EAP MIRROR 
further investigation shows that the required maximum 
strain is a function of ar, i.e. a function 
- required maximum strain for desired mirror 

4 

3.5 

3 

2.5 

2 

1.5 

1 

0.5 

0 
0 5 10 15 20 

0.2 

0.15 

0.05 

0 
0 

of f-number 
shape. 

5 10 
[fiD--] 

15 20 
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VERIFICATION BY FINITE ELEMENT 
100 axisymmetric shell elements (Shell-15 1, ANSYS). 
Strain created by the electric field in the EAP films was simulated 
by thermal expansion. 
Large Deflection function of the ANSYS was activated. 
An artificial side pressure had been added first and was taken out 
after for final solution. 

Table 1. Parameters used in FEM simulation 

Thickness Poisson’s ratio 

~~~ 

0.3 
I 

1 
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Concept of the Mirror System 

- 

Merits of the proposed concept 
Sensor 

L 

Simple uniform structure and 
wireless control - simplify 
fabrication and control algorithm and 
easy to realize high precision. 

Distributed control - large number 
of equivalent controllable degree of 
freedom’s that may be lo6 per gun. 

Compatible with inflatable optical 
technology - help to reach desirable 
shape. 

I 
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SUMMARY 
Completed work On- go ing/future R&D 

USM Prototype Customized design 
Explore control capability 
Linear motor development 

USDC Prototype Rock sampler 
Adapt it to meet various missions 
and RID tasks 
Operation at extreme environment 
Lab on a drill 

Sampling mechanisms 
Demonstration of concept of 
deep coring, rock crash, etc 

EAP 
Material characterization 
Actuator demonstration 
Analysis and concept of 
EAP mirror 

Demonstrate controlled EAP 
mirror 
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