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Abstract - This paper reports on the development of

two Tele-Operated High Speed Anthropomorphic

Dextrous robotic hands. The aim of developing these

hands was to achieve a system that seamlessly irigered
between humans and robots.
To provide sensory feedback to a remote operator tdile

(manipulation of objects) and input (sensitive amturate
sensory receptor) organ.

The human hand therefore is without doubt the perfe
model in the development of a mechanical hand, én¢he
development of anthropomorphic dextrous hands ¢losely
resemble it. A number of robotic hands have beemldped

sensors were developed to be mounted on the robotic which focus on either anthropomorphic design oxtraels

hands. Two systems were developed, the first, beiagskin
sensor capable of shape reconstruction placed onettpalm
of the hand to feed back the shape of objects grasg and
the second is a highly sensitive tactile array fosurface
texture identification.

Index Terms — Robotic Hands, Pneumatic Muscle Actoi
Skin Sensor, Tactile Array, Shape/Texture Identidition .

|. INTRODUCTION

The human hand other than the feet is the mosteapp

part of the human body in our daily endeavour. Assult we
become expert at controlling it and are able tdgoer the
most delicate of manipulation tasks. When the hamither
strong enough nor tough enough to handle an objesttly,
its dexterity allows us to create tools to achi¢lre goal.
Aristotle the great philosopher argued that man defend
himself far better than any other animal becaugaefunique
construction of the human hand he wrote:

design, often sacrificing one for the other dught® obvious
complexity of developing a hand that closely enedathe
human hand. Some anthropomorphic designs includes t
Utah/MIT hand [2], Anthrobot Hand [3], Robonaut Hhbf,
5], DLR-Hand | & Il [6, 7] and Ultralight hand [8].
Examples of hands whose main focus is on dextaritythe
Salisbury hand [9], the Karlsruhe hand [10], thendha
developed at the Technical University of Darmsfadi, [12]
and the Delft University hand [13].

Humans are blessed with the ability to manipul&rt
hands with great expertise and to perform a vasgeaof
tasks using them. For this reason robotic hands beaof
significant value in telepresence applications. diwable
remote operation of a robotic hand an interface tnigs
designed to reflect the movements of the operatoaisd to
the robot. The speed at which the mechanical heard
respond is crucial as a large delay in the refbecof the
movement of the operator’s hand would result inst@ined
movement and not a true reflection of the capabdit the

“..But to man numerous modes of defence are oped, afluman hand.

these, moreover, he may change at will; as alsmhg adopt

This work seeks to develop a robotic hand which lsan

such weapon as he pleases, and at such times as sgpmbined with a high fidelity data glove interfat allow

him....the fingers are well constructed for prehensiod for
pressure. One of these also, and this not longtlikerest but
short and thick, is placed laterally. For were ittrso placed
all prehension would be as impossible, as wereetmer hand
at all. For the pressure of this digit is appliecbrihh below

upwards, while the rest act from above downwards; a

arrangement which is essential, if the grasp ibeofirm and
hold like a tight clamg- Aristotle, Parts of Animals [1]

As observed by Aristotle prehension (grasping)he t
essential function of the hand. This is largely daethe

teleoperation tasks to be performed. The specifit ia to
produce a hand with the following features:
1. Anthropomorphism — having similar shape and &ize
the average human hand
2. Dexterity - Ultimately to have the same degreés
freedom as the human hand with equivalent dexterity
3. Speed - Ensuring no or little delay betweenrtimtic
hand and operator's hand movements.
4. Tactile feedback - Tactile sensors for feedbatk
environmental features which can aid remote opesato

position and structure of the thumb. The lack of Section 1l of this paper describes the mechaniealgh of a

specialisation in the hand provides adaptabilityd an 19 DOF hand. This is followed by descriptions oftbehe
creativity. With this it functions both as an outpu actuation and control hardware used to operatehtred.



Section V describes tests performed using the haimel,
results of which led to the development of a sedugad with
greater dexterity than the first. The final parttbé paper
describes two tactile sensors developed to bedfitte the
hands which feedback data on the shape and tectatgects
being handled to a remote operator.

Il. 19 DEGREES OF FREEDOM (DOF)

MECHANICAL HAND

A robotic hand consisting of 19 DOF was designed a
constructed consisting of four fingers, a thumb andolid
palm. Table_1 shows the range of motion for eachihef
finger joints. The hand was formed from polyeth@eatue to
its good frictional characteristics with the jointseing
constructed using steel pins.

Power from the actuators is transmitted to thedisgia
braided nylon tendons with a tensile strength &N as can
be seen in figure 1. Extension and abduction offitngers
and thumb is achieved using return springs locatethe
palm and back of each finger. Routing of the tersden

achieved using additional steel pins.
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Figure 1 Tendon routing through the finger

The distal joints of all four fingers are coupledthe middle
joint as can be seen leading to 15 active DOF, dach
activated (flexion and adduction) by a single atutocated
in the robot’s forearm.

1st Middle Ring Little Thumb

0°®
90°

5°® Base

40°

-5°®
3¢

-5°®
40

Base

0°®
90°

0°®
90°

0°®
elog

0°®
elog

0°®
90°

Proximal Base2

0°®
90°

Middle 0°® Proximal

110

0°®
110

0°®
110

0°®
110

Distal 0°® Distal

90°

0°®
90°

0°®
elog

0°®
elog

0°®
90°

Table 1 — Range of joint angle for robot hand.
lll. ACTUATION

Selection of an appropriate actuation system iscatito
the success of the hand. The actuator must be leapéb
delivering forces with high fidelity for fine manifation and
at levels adequate for power grips. It also neeetiave
dynamic performance that could provide a fast respao
operator inputs. An actuator providing a degree
compliance would also be desirable as it wouldvaltbe

The actuator chosen is the Pneumatic Muscle Aatsiato
(pMA) derived from the McKibben muscle [16]. The pM
was chosen because it offers the following features
1.Similar operation to the human muscle, it contrattength
when inflated and relaxes when deflated.
2.Muscles can be produced to any desired lengthzergith
larger diameter muscles producing higher forcess alows
actuators with similar power to humans to be setkect

3.Exceptionally high power/weight and force/areaoaReak
forces per cross sectional area greater than S@¢N/t
500KPa) have been achieved [16] and the muscled use
weigh approximately 50g.

4.Safe operation due to inherent compliance wittbaing the
only by product.

5.Muscles can be constructed quickly with minimall sknd
replaced easily.

6.The pMA can achieve accuracy better than 1% foh bot
displacement and force with a system bandwidth ptal
5Hz.

7.Since the pMA is flexible it is tolerant to rotat@ and
lateral misalignment.

The pMAs used in this work have a maximum length of
280mm, a minimum diameter of 12mm and can genexate
maximum force, at 3bar operating pressure, of 460he
actuators were located in the robot's forearm wiihces
being transmitted to the hand via tendons as casebn in
figure 2.

Figure 2 The 19 DOF Hand
IV. CONTROLHARDWARE

Pneumatic valves are required to control the fldvaio
to the actuators. The valves used (MATRIX) haveaafiow
rate of 100NI/min at 6 bar drive pressure and taeydriven
by a 100Hz PWM signal generated by an Atmega8
microcontroller.
To enable closed loop control of the joint positidhe
hand uses linear potentiometers to determine jamdles.
ofThe sensors measure the motion of individual teadmmd
from this information joint angles can be calcutat@he

hand to experience shock impacts without becomingensors are located remotely from the joints irrcliosure at

damaged.

the robots wrist. This ensures there is no movenant
electrical connections to the sensors as the fimgasve so
reducing the likelihood of failure.



Joint angle data is fed to the ADC on the microculfer
where it is used in a control loop to modify the Mignal
to the valves and adjust the pressure in the naiséleontrol
board consisting of 2 microcontrollers with suppuayt
circuitry was developed and attached to a block wélves (4
for filling and 4 for venting) this provided contréor 4
muscles. Four sets of valves and control board \ween
daisy chained together and through a bus connéctachub
board consisting of an Atmegal28 microcontrolldueBoth
chip and supporting circuitry. The Bluetooth chipydes a
communication link with a data glove which providese
necessary input signals for
mechanical hand.

To assess the performance of the hand extensitieges
was performed. Firstly to test the reliability bethand a test
rig consisting of a single finger was produced.sTanabled
the finger to be repeatedly cycled to identify pgsiof likely
failure. The test finger operated more than 100,06¢es
without failing

To test the dexterity and speed of the robotic handhta
glove was used. The data glove is available from
CyberGlove® and was used with a specially designed
Bluetooth circuit to interface with the hand. Thextérity of
the hand was tested by grasping objects of diffesbapes

the manipulation of theand sizes. Fig. 3 shows the hand being used topmiaté a

range of objects. The opposable thumb is evidenthim

The finger phalanges in the robotic hand are @mpl grasping of the screwdriver where a centralised gs

levers which convert tendon movement into joint iomt
This however, presents a control problem as thecteie
leaver length varies as the joint bends resultmghe rapid
increase of torque applied to the joint as the dinfiexes
from full extension.
implementing a triple integral in the PID contrglsgeem

resulting in the PD control system. The cube of the integral
ensures that the system control output signal asme

rapidly with positive control input and reduce mdlpiwith
negative control input overcoming the problem désch

However the down side is that the system beconsssstable.

There are several methods to overcome this andgsté a
controller that does the job best [17, 18, 19].edagl, , was
added before the control loop as there is a tinlayde the
switching of the control valves. The tuning of tldslay is
important as too short a delay would result in iftegral
reaching its maximum limit before switching occwhile
too long a delay results in over contraction of thescle.
Both situations result in an uncontrollable system.

The control system was further improved in the sdco
hand designed (24 DOF mechanical hand) by addiegspre

sensors to the control board for each muscle afédgt
adding an extra control loop. This also allows th&ximum
force that each muscle can deliver to be adjusyelihiiting

the maximum working pressure of each muscle and al
allows a higher drive pressure than the actual imgrk

pressure of the muscles to be used, increasingithBow
through the valves and increasing the response tithe
hand. The electronics of the control board was aisdified
to allow the switching of the PWM to be increased®®0Hz.
With these modifications a finger flexion speedtdashan
that of the human hand can be achieved.

Input Angle

From i G
Data Glove 3

Figure 2 simplified Control Block Diagram for an§ie Joint
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V. EXPERIMENTALRESULTS

achieved without the need of a wrist.

Finally the control system discussed in the previou
section was tested to determine the speed of hpacdhtion.
Fig. 4 shows the total time taken for hand cloduom fully

This problem was overcome byopen to be 0.72 sec. The speed of the hand walefurt

demonstrated by catching a ball as shown in Fig. 5

-

annulus cylinder

screwdriver
Figure 3 Object grasping

time 0 sec Time 18/25 sec
Figure 4 Total time from fully open to close igDsec

Figure 5 Ball catching sequence

VI. 24 DEGREES OF FREEDOM (DOF)
MECHANICAL HAND



After the successful testing of the 19 DOF hanea 84

the human hand than the 19 DOF hand. The propsrtom
sizes of the phalanges in each digit of the 24 D@Rd were

DOF hand was developed based on it. The aim being tased on the dimensions of an average human malé ha
develop a hand with even greater dexterity and aemo The distal phalanx of each of the fingers and thentb have

anthropomorphic design.

To further increase the dexterity of the hand ailfle
palm was added (Figure 7). The flexibility in thalm allows
it to curl around a cylindrical/round object regudt in
improved grasp stability. This also allows a moeatecal grip
to be achieved when grasping objects such as avdwver,
or fork, etc. To further increase the range of safie hand
could achieve a 2 DOF wrist was also added.

Figure 6 Kinematic chain of the 24 DOF hand

Back of hand

The palm side of hand Hand complete with muscles
Figure 7 The 24 DOF Mechanical Hand

The addition of the wrist and flexible palm incresaghe
anthropomorphism of the hand as it more closelgmises

rounded ends with flattened pulps to further improv
anthropomorphism.

The completed hand (Figure 7) was constructed from
Aluminium with sensors located at each joint (dirgensing),
reducing errors and allowing more accurate mantmriaof
small objects.

In telepresence/teleoperation applications taftidelback
from an object being handled can greatly improve th
operators ability to manipulate objects. For tldgason tactile
sensors were developed which could be fitted tchidred and
which would provide a remote operator with inforioat
about the shape and texture of objects being gdéspehed.

VII. SKIN SENSOR FOR OBJECT SHAPE
IDENTIFICATION

A skin sensor was developed, for location on tHenpaf
the robot hand, which aimed to maximize the sensiren
while keeping the number of sensors to a minimum. A
prototype skin was developed having 16 tactels éatfinom 2
layers of 4 isolines of strain gauges etched friaxilfle PCB
laminate with a copper thickness of 0.035mm antkxikie
film thickness of 0.05mm. Each gauge has ten traafks
0.25mm thickness, a total width of 5.4mm, a length
60.5mm, a resistance of 0.7and a gauge factor of 4.5. The
gauges are embedded in latex for protection anuhify their
deformation

Figure 8 Skin sensor geometry configuratiorhefgauges

When an object is placed on the skin, informatiboua
its shape can be determined from the bending radfus
corresponding strain gauges. This can be achiesied uwo
different approaches. Firstly, by multiplying orgumal
gauges resulting in,

a axe axf axg axh
b bx bxf b b>h
e f g n)= )

C cxe cxf cxg cxh
d dxe dxf dxg d*



Where the first vector shows readings from the Zuorial

gauges and the second vector from the vertical emagd the
4x4 matrix gives the pressure at the strain gauwgssover
points. This approach is more suitable when therdedtion

is more concentrated. The second method uses thefkthe

deformations of the orthogonal gauges resulting in,

aaaa ef gh ateatf atg ath
bbbb+ef g h _b+e b+f b+g b+h
cccc ef gh c+e c+tf c+tg c+h
dddd ef gh d+e d+f d+g d+h

This approach is suitable when the deformation @ n
concentrated but spread over a wider area.

By adding a soft material (e.g. foam) on one sifithe
skin, pressure and force exerted by an object erofiposite
side can be measured. If the material propertiethefsoft
material are known the value of the force and pmess
applied can be computed. Figure 9 shows impressifns
different objects on the skin.

Cylindrical Object

Sperical Object

Square Object

Figure 9 Impressions of different objects om ski

TACTILE SENSOR ARRAY FOR TEXTURE
IDENTIFICATION

VIIIL.

The active sensing node is made up of a modifiethgp
probes [14] designed for sensitivity and robustnéRse
probes, whose dimensions are shown in Figure Efcamed
in three section:

i). Plunger (Beryllium copper, rhodium plated) gigi
good robustness, strength and tip resolution,

ii). Barrel (Phosphor bronze, gold plated) proviglin
strength, low friction, good robustness and serisiti

iii). Spring (music wire, gold plated)

The spring was removed to permit remote couplinght®
optic sensor. Five of these probes were attachgether in a
row at Imm tip to tip separation (Figure 11) tarican array.

Figure 10 Two Part Spring Probes

Figure 11 Sensor Line Array

To enable the sensors to be mounted at the fingerof
a robot hand the reflective sensors needed to bethe
located due to limited space. The probes were fivere
mechanically coupled to the reflective surfaces fléxible
plastic covered steel wires (0.67mm in dia.) whiobved
through PTFE sleeving with a bore diameter of 0.89amd a
wall thickness of 0.30mm. The reflective surfacenade of
polished Aluminum cylinders and allows for the opti
coupling to the optical sensors. The close tolezaetween
the coupling wire and the sleeving ensure accurate
displacement transmission while the materials ssfieensure
low friction (<0.05N). A cylinder made of black oy
completes the opto-coupler. The cylinder screensambient
light to block out any interference from externafra-red
light and ensures that the sensor only detectsatefll infra-
red from the sensor tip reflector. It also serveshe housing
for a spring that ensures the pin returns to iteereded
position when no force is applied and a smoothraligleeve
for the reflector.

The optical sensor is a 655nm precision opticdéctfe
sensor from Agilent Technologies [15]. This senssr

The second sensor developed took the form of EDBenSnorma”y emp|oyed in bar code scanners with a &ter

array. This consisted of three main parts, actvesg nodes
located at the fingertips, mechanical couplingremsmit the
signals from the potentially high impact surfacaha skin to
a safer sensor location and precision optical céfle sensors
to convert the sensory data into high resolutiatileadata.

resolution 0.178mm. However, when this sensor &dus
conjunction with a reflector (Figure 12) the reswn of the
detected reflector movement normal to the sensiheg@ aan
be as high as In, dependent on the amplifier used, the
reflective surface and the filtering of ambienthligFor this



reason this system is well suited to the sensjtimigeds of
this project.

Figure 12 Optical Sensor with Reflector

The detailed surface profiles of three differenttenials
were tested and presented. Each of these materdalshosen
based on the human sensitivity of touch.

First, a 15cm metal ruler was chosen as it provitats
only a regular pattern for comparison but we cao alsually
confirm the tactile profile. Figure 13 shows theffie of the
steel ruler determined using the sensor arrayefgifft colour
in the plot represents different measured deptlee plot
clearly shows great detail of the profile as graius on the
ruler are clearly evident as are the engravings.

Next the tactile pattern of wood was tested, tlin be
considerably different from what is observed viguak it is
the woods grain that is observed not the tactildilpr The
wood chosen had a tactile profile that was barkteaable to
humans with a static touch but which becomes mérarc
when the surface is stroked with the finger. Ineotivords the
tactile profile is only clearly evident through wiactile
(dynamic) sensing. Tests on wood would thereforavide
clear evidence of the vibrotactile capability of ttensor array

Figure13 Surface Profile of the 15cm steel ruler regooged from
tactile data

Figure 14 Reading taken from neighboring sensors

The final material chosen for testing was a finefeie
plastic. The plastic surface feels completely simomt the
human touch when stroked with the finger. Howevéremw
the surface is stroked with the fingernail the itact
characteristic becomes clear. Figure 15 shows théace
profile of the plastic sheet used as the test rizter

Figure 15 Surface profile of plastic

IX. CONCLUSION

This paper has described the development of twoti®
hands which have been shown to have both good
anthropomorphism and dexterity. The hands are aimi
the human hand in terms of size, shape and joirttonm
The dexterity of the hands has been demonstrateddh the
grasping of different objects and its speed of orotias been
assessed through a series of ball catching expetimé&he
hand has been used in conjunction with a data ghdvieh
has allowed teleoperation.

Figure 14 shows the data from two different sets of To further enhance the hands suitability to teleatpen
sensor readings taken at 1@@ separation. The deepest tasks two tactile sensors have been developedetb tiack

valley shown in the 2 graphs represent a vallepdoan the
test material. In the top figure, the depth of Hadley is less
compared with that observed in the second figuhés & due
to the fact that generally valleys found on wood kimited in
length across the surface of the wood. As we rearnhd of
the valley the depth tends to reduce. Subsequeghima@ing
readings showed the depth reducing further andlfinhe
valley disappearing. From the 2 graphs we can alserve
the coincidence of each peak and valley.

information to a human operator. A skin sensor égplaced
on the palm of the hand can clearly determine trepe of
different objects pressed against it and a sensay Aas been
shown to detect both static and dynamic charatiesishat
allow it to clearly identify fine features of diffent materials.

Future work will combine the robotic hand and itact
sensors into a single platform and testing wilpeeformed to
identify the shape and texture of objects grasped.

REFERENCES

[1] Aristotle. “On the Parts of Animals, Book IV. Part 10. Trarethty
William Ogle. The Internet Classics Archive by €. Stevenson, Web
Atomics, World Wide Web presentation is copyright © 192200, Daniel
C. Stevenson, Web Atomics



(2

(3

(4

(5]
6l

(1

(8l

[

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
(18]

[19]

Jacobsen, S.C., Wood, J.E., Knutti, D.F., Bigg&.B. “The Utah-MIT
dextrous hand: work in progrés&he int. journal of robotics research, vol.
3, no. 4, pp. 21-50. 1984
Ali, M.S., Kyriakopoulos, K.J. Stephanou, H.EThe kinematics of the
Anthrobot-2 dextrous hafid Proc. IEEE int. conf. on robotics and
automation, pp. 3_705-3_710. 1993
Lovchik, C. S., Diftler, M. A. The robonaut hand: A dextrous robot hand
for spacé Proc. Of the 1999 IEEE int. conf. on robotic&l aautomation,
pp. 907-912. 1999
Engelberger, G. NASA’s robonadt Industrial robot: and international
journal, vol. 28, no. 1, pp. 35-39. 2001
Butterfass, J., Hirzinger, G., Knoch, S. Liu, MDLR’s multisensory
articulated hand. Part I: Hard- and software arawuturé, Proc. of the
1998 IEEE int. conf. on robotics and automation,28)81-2086. 1998
Butterfass, M., Grebenstein, H. Liu, H., Hirgér, G. ‘DLR-Hand II: Next
generation of a dextrous robot hdnéroc. IEEE int. conf. on robotics and
automation. 2001
Schulz, S., Pylatiuk, C., Bretthauer, G\ tiew ultralihgt anthropomorphic
hand, Proc. of the 2001 IEEE int. conf. on roboticsl @utomation. 2001
Salisbury, J.K., Brock, D.L., Chiu, S.LIrtegrated language, sensing and
control for a robot hant Proc. 3 ISRR, Gouvieux, France, MIT press,
Cambridge MA. 1985
Wéhlke, G. ‘A programming and simulation environment for the
Karlsruhe dextrous haridJournal of robotics and autonomous systems, vol.
9, pp. 243-263. 1990
Paetsch, W., Kaneko, M.A" three finger multijointed gripper for
experimental useProc. IEEE int. works on intelligent robots asybtems,
IROS’90. 1990
Weigl, A,. Seitz, M. Vision assisted disassembly using a dextrous hand-
arm system: an example and experimental rési®c. IFAC int. symp.
On robot control, SYROCO,94, pp. 314-322. 1994
Jongkind, W. Dextrous gripping in a hazardous environnierieh.D.
Thesis, Delft Univ. of Technology. 1993
Harwin Plc, Fitzherbert Road, Farlington, Bomuth, Hants, PO6 1RT,
United Kingdom
Agilent Technologies UK Ltd., South Queensferry, stVeothian. EH30
9TG, United Kingdom
Davis, S. T. Braided pneumatic muscle actuators. Enhanced mugleli
and performance in integrated, redundant and selilihg actuator§
Ph.D. Thesis, The University of Salford, U.K. 2005
Niculescu, S. I., Michiels, W.Stabilizing a chain of Integrator using
multiple delay’ IEEE trans. On automatic control, vol. 49, no2604
N. Marchand ,A. Hably, Nonlinear stabilization of multiple integrators
with bounded controls Automaticayol. 41, no. 12, pp 2147-2152, 2005
M. Balas “Tracking Inaccessible Signals in Linear Systems” AIAA
Guidance, Navigation, and Control Conference and Exhibit,
Providence, Rhode Island, Aug. 16-19, 2004



