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Review of Haptic Sensing and Control
Actuators

Discuss Homework# 1

Paper presentations

Unless otherwise mentioned, all figures in this

presentation are from the course textbook by Burdea.



Skin

Heaviest organ in the human body

Fingers have the highest density of
specialized receptors that corresponds  Homyiaer {j_
to a large sensory cortex surface Epidermic { "

f','-'-' N\

Sensorial mapping is dynamic .

Glabrous skin has five major receptor

types: free receptors (nerve endings), (

Meissner corpuscles, Merkel's disks, — *“feue]

Pacinian corpuscles, and Ruffini

corpusles From Seow, Physiology of touch, grip, and gait,

1988 John Wiley & Sons, Inc.



Summary of skin mechanoreceptros

Receptor Rate of Stimulus Receptive Function
Type Adaptation | frequency, Field
Hz
Merkel SA-1 0.3-3 Small, well | Pressure,
Disks defined vibratory
response

Ruffini SA-11 15-400 Large, Pressure,
Corpuscles indistinct skin shear
Meissner RA-I 3-40 Small, well | Velocity,
corpuscles defined edges
Pacinian RA-11 100-300 Large, Acceleration
corpuscles (typically indistinct , Vibration

>250)




Finger Mechanical Impedance

o Impedance is the Accelerometer Handle
relationship between Force /
the applied force and S
the corresponding T
displacement

o Human-arm/hand
Impedance Is the key
tO Stable human_ Eignggj)r mechanical impedance evaluation (Hajian and Howe,

machine interfaces
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Sensing and Control bandwidth

Sensing bandwidth — Frequency with which tactile
and kinesthetic stimuli are sensed

Control bandwidth — Rapidity with which humans can
respond

Sensing bandwidth is much larger than the control
bandwidth

Output loop or the control bandwidth has a typical
force response of 5-10 Hz bandwidth while the
kinesthetic / proprioceptive sensing bandwidth is
about 20-30 Hz and tactile sensing bandwidth is O-
400Hz. Surface feature recognition requires a much
higher bandwidth of about 5000-10000Hz



Sensing and Control bandwidth

10,000 Hz
} =
7
6 —— 5,000 —10,000 Hz: The bandwidth over which the hu-
s = man finger needs to sense vibration during skiliful
' manipulative tasks.

320 Hz: The bandwidth beyond which the human fin-
gers cannot discriminate two consecutive force input

1,000 Hz signals,

3 e 20— 30 Hz: The minimum bandwidth with which the
human finger demands the force input signals to be
— present for meaningful perception.

*12—16 Hz: The bandwidth beyond which the human
fingers cannot correct their grasping forces if the
grasped object slips.

ger cannot corvect for its positional disturbances.

r 812 Hz: The bandwidth beyond which the human fin-

10Hz 5— 10 Hz: The maximum bandwidth with which the hu-

man finger can aply force and motion commands
comfortably .

2 e T 1~—2 Hz: The maximum bandwidth with which the hu-
man finger can react to unexpected force/position
signals. .

1Hz »

Figure 2.14 Human finger sensing and control bandwidth. Adapted from Shimoga [1992].
@ Editions Hermas. Reprinted by permission,



Tactile/Force Interface requirements

Control
Transmission Bandwidth  Resolution Dynamic Signal/noise
delay range
discrete
10 msec 100 Hz 1-4 bits/dof 20N @ dc 200:1
continuous to 1N @ 10 Hz
10 bits/dof

Tactile Sensing

Transmission Bandwidth  Resolution Dynamic  Signal/noise

delay range

S msec 0-10 KHz 10-100 micron 8 bit 200:1
vibration RMS
1-2 mm spatial
resolution

Simulation Hardware

Force Sensing

Transmission Bandwidth  Resolution Dynamic  Signal/noise

delay range

20 msec 50-100Hz O0.1N 20N @ dc 64:1
toIN@ 10Hz RMS
6 bit 1-10cm

Figure 2,15 Tactile/force feedback interface requirements. Adapted from Ellis [1995]. Reprinted
by permission of IDG Communications Verlag AG.



Actuators

Actuators feed back force or tactile
Information

o Active and Passive actuators
o Actuators made up of electrical motors,

hydraulics, pneumatics, magnetostrictive,
piezoelectric, polymeric gels, etc.

Key parameters in actuators is the
maximum force output, sustained force or
torque, power consumption, and
bandwidth

Power vs. weight is an important
characterization (maximum power for
minimal weight)

PHANTOM produces realistic simulation

with only 8.5N (20% of max. exerted hand
force)




Actuators

Interface should be transparent? What does that
mean?

Should force be exerted on the user’'s hands when
there is no interaction with the environment (virtual
or real)?

This requires the actuators to be backdrivable

Backdrivablility requires minimal static friction and low
actuator inertia

Dynamic range — Maximum output force divided by
its friction



Electrical Actuators

Pole

Excitation
current Iy

Armature

o Direct current (DC) motors —

= Brushed motors (field
windings and armature \
windings; need for bushes v

Cross section of dc machine

for commutation) |
Figure 3.1 Cross section of a brushed dc motor. Reprinted from Rizzoni, Principles and
. Applications of Electrical Engineering, 1993, by permission of Richard D. Irwin.
= Brushless motors (PM in

armatu-re) | m Ci @i

o Classification of brushed
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The McGraw-Hill Companie



Brushed DC motors

Magnetic flux T(t) =Kl (t)
Motor torque ty =Kpyf (0)ig(t)=Kpkeic (1)ig(t)

_ 2 .
tn =Kg14(t)  (series DC motor)

o Series motors have very high starting torque and are
useful in low-speed, high-torque applications (haptic
Interfaces)

o Output is not equal to the input due to inertial and
viscous damping torques

i dw

=t -J T - b w

load m m t mY"m




Brushed DC motors

DC motors with miniature PM’s
(no field current) are useful in
haptic interfaces due to their
light-weight and compactness

Simpler torque to current
relationship

Stall torque can be increased by
Increasing the supply voltage
(without overheating the motor;
excessive heat can demagnetize
the stator)

Torque constant depends on
temperature

Torque vs. velocity
characteristic of MicroMo model

1331-012S
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Figure 3.3 Torque and velocity characteristic of the MicroMo Model 1331-012S PM

dc motor. Courtesy of MicroMo Electronics Inc.



Brushless DC motors

Consist of colls in the stator and a rare earth
(solarium cobalt) permanent magnet in the rotor

Lower motor inertia and improved dynamic response

Smaller motor size than the corresponding brushed
motors

Disadvantage is the requirement of an additional
position sensor and a complex controller for
producing a rotating magnetic field

Brush Motor Brushless motor
Advantages Lower cost; Simpler Smaller motor; Improved
electronics; Smaller dynamics; Better heat
controller dissipation
Disadvantages EMG interference; Brush Electronic commutation
wear (shorter life); Smaller | required; Position sensor
maximum speed; Poorer required; Higher cost
dynamic response




Magnetic Particle Brakes (Passive)

o Magnetic particle brakes are passive actuators since
they take force input from the user and dissipate the
power generated by the user

o Stronger the current, more magnetic particles are
attached to the disk and the chamber walls resulting
In Increased resistance to the rotation of the brake
shaft.

Magnetic flux
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o Resistive torque'
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Figure 3.6  Cross section of a magnetic particle brake. Reprinted by permission of the ASME
from Russo and Tadros [1992].



Magnetic Particle Brake

Can be used to simulate dissipate devices but not
energy-storing elements. Brake power is always
positive: P =t w, >0

Simplest element to simulate using the MPB is a
damper (but not a spring, since the spring stores
energy while an MPB cannot store energy)

Best use of MPB is to simulate a hard wall since
electrical motors simulate it with a very stiff spring
model which can result in contact instabilities

Major problem with MPB is hysteresis, i.e., the
magnetic particles maintain alignment when the
power is removed from the brake coll



Shape memory metals (SMM)

SMM such as TiNi are alloys that exhibit mechanical-
memory effect. Structural transition from the martensitic
phase to the austenitic phase characterized by higher
crystalline symmetry

This is achieved when the alloy is heated past its
austenitic start temperature and ends upon reaching the
austenitic finish temperature.

High tensile forces produced. When current interrupted,
alloy cools and returns to martensitic phase. Cooling
takes significantly longer than heating

Have large deformation but produce smaller forces. Have
a large power to weight ratio (typically 200W/KqQ)

Ideal for haptic interfaces (compact, light, and high
power-to-weight ratio)



SMM as tactile simulators
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Figure 3.8 Shape memory metal (SMM) power density vs. other actuators. Adapted from Figure 3.9 Shape memory metal (SMM) tactile stimulator. (a) Single actuator. (b) Actuator

Hirose et al. [1989] and Hollerbach et al. [1992]. Reprinted by permission of the MIT Press. array. Adapted from Johnson {1992]. © Editions Hermes. Reprinted by permission.



Novel Actuators

Metal hydrades, Piezoelectric actuators,
Magnetostrictive actuators, and polymeric gels

Metal hydrades have the abllity to release large
amounts of hydrogen when heated and when the
alloy is cooled (below 300C) hydrogen is re-
absorbed.

Shimizu et.al used two Peltier heat pumps to test this
actuation technique. Pressure of the released gas
was controlled as a function of the voltage supplied
to the Peltier pumps

Overall weight is 300g and force output is 20Kgf —
Large force-to-weight ratio due to large diameter
bellow and hydrogen gas pressure



Piezoelectric Actuators

Mechanical output: w « T (W)

"”IIII//////I/// 1

Lining
material

Elastic
body
Stator

Rotating
body }
Rotor

Piezoelectric
ceramics

Electrical input: V « Icos@ (W)

Figure 11.2 The construction of a rotary piezoelectric actuator. From PCIM Staff [1987].
Reprinted by permission of Intertec International Inc.

o Pilezoelectric motor — disk shaped stator pressed against a
laminated disk rotor.

o Stator Is constructed of small elastic piezoelectric elements
that oscillate in a state of resonance. Hig frequency
oscillations produce a micro-slipping motion at the contact
surface with the rotor.



Piezoelectric actuator

o Overall PEM’s have a 10-fold
higher torqgue compared to
conventional motors of the
same volume, little inertia,
good controllability, and are
compact.

o Power to mass ratio of
around 225W/kg and torque
to mass ratio of 70N-m/Kg

Finger | Finger
l segment 1 | segment 2 |
£ i il

=.——_'-r—#—

I i Clamp 2 +

A t

Piezoelectric i __— Rotator

‘| rotator actuator i

Thrust washer H jL
\ ,
B t + Clamp 1 1y

1
ARy
Pin through shaft / '\ Axis of joint

TOP VIEW OF JOINT

Rotator

r Piezoelectric rotator actuator [

Rotor plate Finger-
joint
shaft

I Piezoelectric rotator actuator

VIEW A-A
Bushing

i Piezoelectric rotator actuator

VIEW B-B (SHOWING CLAMP 1)

Figure 11.3 The construction of a piezoelectric direct-drive actuator for robotic fingers.
Reprinted by permission from NASA [1994].



Magnetostrictive actuator

o Magnetostrictive ones expand or shring when placed
In a high magnetic field. Eg., Terfenol-D

vy

Pusher-Terfenol rod ; , Coiis Adjustment screws
N % .
7

NN

N / Drive shaft
22\
Brake -~ Z %7 Brake

Left brake- Right brake—
Terfenol rod Terfenol rod

Figure 11.4 The construction of a magnetostrictive linear actuator. Reprinted by permission
from Brimhall and Hasser [1994]. © SPIE.



Polymeric Gels

o Quick volume change as a function of pH of the
surrounding liguid. Convert Chemical to Mechanical
Energy by shrinking up to 1000 times their original
volume

o Large output forces and long life cycle. Force
proportional to the number for fibers

o Disadvantage is unidirectional output, low control
bandwidth (<2Hz), and complex piping system

Acid inlet Porous Teflon tubes
Machined Delran PVA contractile fibers
Drain line

i ' Base inlet
Piezo - electricor W ___ Latex or PVC compliant cover

solenoid microvalve

Spectra
tendon

Figure 11.6  Artificial muscle made of Polyvinyl alcohol fiber bundles. Reprinted by permis-
sion from Brock [1991].



Novel actuators

TABLE 11.1 Review of Novel Actuator Technology

Actuator Power/mass Stall torque Max. Mass
Type (Power/volume) | Stall force speed

Metal " 196N lemfsec | 300g
hydrades

Piezoelectric 225 W/kg 0.5 N-m 12.6 rad/sec | 6-8 g
finger motor

Magneto- 10N 14 cm/sec 16 g
strictive motor

Polymeric 6 W/kg

gels




Next Lecture
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Sensors

Homework# 2 due
Discuss Homework# 2
Homework#3 handed out
Paper readings
Questions?



