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INTRODUCTION

The goal of the DEXARM project [1] is the developm@f a robot arm comparable in size, force anctatdy to a
human arm, to be used for space robotics applitatio which the manipulation/intervention tasks everiginally
conceived for humans. These applications are tifpieaternal or internal servicing of orbiting platms or robotics
for planetary exploration. The first user progranoueently envisaged for DEXARM is EUROBOT [2].

The main challenges of this development lay inrttieimisation of resources that the applicationsuieq To achieve
this goal, ESA has encouraged the exploitatiomonbvative approaches and technologies to drastindhimise mass,
volume and power consumption while providing adéguaerformance (output torque capability and positig
accuracy/repeatability).

The DEXARM project has been divided into three gsas

* Phase 1: DEXARM definition
This phase comprises system requirement definitigystem architectural design and specification of
requirements for sub-systems, preliminary desigoiof (evaluating different architectures);

e Phase 2: Joint development
This phase consists of detailed design, developmesmufacturing and test of one joint prototype;

e Phase 3: DEXARM development
Upon possible design iterations based on the jmiotiotype test results from phase 2, phase 3 isstat on the
development and manufacturing of joints, limbs atidctures, assembly and integration in a dextrobet arm
system testbed, validation by system-level testimdj demonstration.

Phases 1 and 2 have been completed. This papeib#ssthe main results achieved during phase hefproject
(which is under completion).



ARM CONFIGURATION

In phase 1, an extensive kinematics and geometaicalysis has been conducted, after which the mashising

kinematics structures have been identified.

In order to select a reference architecture, thleviing analyses have been carried out: workspaw dexterity,

trajectory execution on typical paths, kinematind atatic performance at the end effector. Furtibeemother design
aspects have been evaluated, such as arm foldthgadume constraints, modularity, cable routing,smacomplexity
of manufacturing and wrist envelope.

Five configurations were preliminarily selected atekply analysed [1]. Two of them were selecteless candidates.
In phase 3, the final choice has been made, alsonsidering additional wrist solutions, based be bffset wrist

(where joint 7 is mounted in offset and retractedition, to minimise wrist length).

The overall selection process is shown in Fig. 1.
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The final trade-off led to the following considecats:

» Interms of dexterity and mass, there is no sigaift difference between the two architectures;

* Volumetric considerations (encumbrance) and desigaiularity indicated that there is an advantagehin

human like arm with non spherical wrist.

The offset (retracted) wrist instead gives a sigaiit advantage in dexterity, while it might creatproblem in terms of
clearance and a need for posture reconfiguratioimglirajectory execution. For this reason, it wiesscarded.
Based on the above considerations, the human fike veith non spherical wrist has been selected aXAHM
reference architecture.

ARM CHARACTERISTICS

The main DEXARM characteristics are summarised betew:
» Functional and performance characteristics:
o lightweight dextrous robot arm;
0 redundant kinematics (7 joints, with angular ranfet175° for roll joints, -175°..+45° for pitchijus);
o force-torque capability of 200 N and 20 Nm at the &p;
0 payload handling capability of 10 kg at 1-g;
e Physical characteristics:
0 mass of about 25 kg;
0 power consumption of about 100 W;
o0 length of 1.2 m;
»  Operational characteristics:
o0 capability of performing 1-g operations withoutngsiany special off-loading device;
0 EVA operability (attach-detach DEXARM from user titam, back-drive the joints without the use of
any special tool);
o Safety:
0 space station safety requirements are applicaddgiining special attention to robotic related hdgdike
possibility of collision with other space statidements.

BASE

The arm base provides mechanical and electricatexdion with the user
platform (e.g. EUROBOT). The arm is required todteched/detached by
the astronaut in EVA, therefore the design incluttese captive fixation
bolts (with EVA standard 7/16in heads) and mectanialignment
provisions for installation on the user platfornip@wing mechanical and
electrical connection.

Estimated mounting time is in the order of ten rsu The fixation bolts
are within visibility of the astronaut, so that tineating status can be
visually verified. If required by the on-orbit vémion environment, means
to avoid inadvertent back out of the bolts can implémented (e.g. by
provision to lock bolt heads after fixation).

Connector mating force is estimated to be aboutN5(a value that is
compatible with EVA capabilities.

The arm base is shown in Fig. 2. Fig. 2 Arm base

LIMBS

The limbs are the connecting elements between tBXARM joints. As such they have to be stiff, alloepeated
mounting and dismounting operations, protect ha@asl internal electronics against outer envirortmearry loads
from one hinge to the next (main load transfer pdthaddition, their geometry must be compatibléhva wide joint

angular range and allow a dimensional transitiomfa large shoulder joint to a reduced wrist joint.

The design of the limbs has been aimed at minimisiass and volume of the arm, while keeping adegsiiffness

and load capability. To also comply with the requient on arm length, a tight integration with jeiand electronics
components has been pursued. The achieved reautecappreciated in Fig. 3.



Fig. 3 DEXARM internal component view — tight intatjon between limbs, joints and electronics

The full set of limbs has been developed in Alumnini Mill machining processes have been utilised tfoe
construction and the achieved mass value has hetvef reduced through a final optimisation on phgsical limbs
themselves. The baseline aluminium limbs are shiaviaig. 4.

Fig. 4 Aluminium limbs 1 and 2

Design of the arm with Carbon Fiber Reinforced tias
(CFRP) limbs has also been performed and two spduifbs
(limb 3 and 5) have been developed also in CFRRIltow
comparison between different technologies. Spetificlimb 5
is shown in Fig. 5.

The interfaces of the limbs to the joints have biegriemented
by means of L-shaped Aluminium fittings, bondedhte CFRP
parts and bolted to the joint interfaces. The eieadt bonding
has been implemented by means of a wire with coeetact
stud.

CFRP limbs have been subject to functional (loaiffness,
etc.), thermal cycling and vibration test. They cassfully
withstood the applied loads without any plasticodefation of
metallic components or failure within composite @aments. Fig. 5 CFRP limb 5

In terms of mass about 0.7 kg saving is estimateeimemploying CFRP limbs (passing from about 3.40k®.7 kg for
six limbs). The gain in mass would become moreeidin case of a longer arm (2-3 m).

CFRP limb 3 has been equipped with a release meshamhich can be used by
the EVA to fold the arm in contingency situatiory mechanical means only
(without relying on any control electronics).

The release mechanism has six segments with apestrass-section. They are
arranged around two interface-rings. Each ringdasnical collar. The diameter
of this arrangement is reduced when the segmeitstesir integrated spanning-
bolts are tightened. The segments “slide” alongdiamted collar and clamp the
whole system. When the bolts are un-tightened #dgments will separate with
help of helical-springs between each segment andlamping of the system
results. The bolts and threads are designed sathhtty are “unloosable”.

Fig. 6 Release mechanism



JOINTS

In phase 2, a joint prototype has been developedtested. It is a highly sensorized integratedtjodomposed of
mechanics, electronics and joint control software.

At the beginning of phase 3, a joint re-engineerdgvity has been performed, to implement anddeaé specific
design modifications identified during prototypéeigration and test.

In parallel with re-engineering, the joint desigastbeen scaled for the joints of different sizeseeded in the arm.
Two joint sizes have been developed: a shouldat, j@rgeted to a 200 Nm torque, and an elbow/jaist, targeted to
a 100 Nm torque. A smaller wrist joint (40 Nm) wemnsidered also, but the gain in terms of massdameénsions
would have been slight, with respect to the deeréasorque capability. In addition, it has beemsidered beneficial
to have a strong wrist (with 100 Nm joints), totbeimplement EUROBOT application requirements, rghthe arm
can actually be used as a leg (e.g. to walk orhiBflrails and not only to manipulate objects).

The joint mechanical design is based on a minimwmbrer of structural parts, where all components taytatly
integrated together to minimise mass and volumeirepents. All joints of a given size are complgtielentical in
terms of physical and performance parameters, itteption of range of travel and end stop locatidre joint type
(roll or pitch) can be switched by changing its staps.

Each joint is functionally and physically divided two operative subassemblies, input and outpubsetperformance
can be tested independently. The two subassenaskefully interchangeable from one joint to anotiéhin the same
mechanical size. The input subassembly or highdspedassembly includes all the parts before thecexd This
subassembly is not in the structural path and asasterised by high speed and low torque. The &ittheosubassembly
is to provide controlled motion to the Harmonic védriwave generator. The output subassembly or logedp
subassembly includes the joint structural elememtsyiding support and powerful torque transmissiorthe next
elements in the kinematics chain. The two joinésiare shown in Fig. 7. The mass of each joinbdg2.2 kg for the
elbow and 3.2 kg for the shoulder.

Fig. 7 Joints — elbow and shoulder size
Electr o-mechanical components

A description of the main joint components is giveme below:

e Motor: three phase DC brushless motor;

» Brake: electromagnetic fail-safe brake;

*  Gear: Harmonic Drive;

e Bearing system: a preloaded pair of ball beariras heen employed for the output shaft, while sajpgpiex
ball bearings have been employed for input shatiefoint;

» Motor position sensor: electrical encoder, capaifleproviding accurate shaft position information &o
implement sinusoidal commutation and velocity colntr

*  Output position sensor: a resolver has been emglayigh a large central hole allowing a very hightput shaft
stiffness and not requiring excessive mounting emuin the relative position of its rotoric parithvrespect its
statoric part;

e Torque sensor: torque sensing has been impleménytedeans of four strain gauges organised in futlds,
applied to the ribs of a duly machined output flenghe optimum design of the output flange withyta sensor
is a trade-off between sensing accuracy and jdiffinesss and load capability, since these two rezraents are
directly in opposition. The choice was to desigmwlaust output flange, with a stiffness at least finmes higher
than the Harmonic Drive stiffness, and to obtaie tequired sensor accuracy through the use of A hig
performance instrumentation amplifier in the acttjigis electronics.



Thermal design

The thermal design of the joint has been drivemplaging the important power dissipative items (mat@tor, power
MOSFETS) tightly connected to the outer case tacedhermal path resistance to the outer enviromen

Electronics

Each joint electronics is a node on the DEXARM poy8 V) and data bus (CAN bus). This distributechétecture,
with the electronics integrated with the jointsméhates the need for multi-wire cable harnesdeseby saving system
mass and increasing system reliability, improvdsistness with respect to EMC, having joint eledgt®ifocated close
to the sensors and the actuators, and still previle needed data exchange frequency, satisfyingotcsystem
bandwidth requirements. The joint electronics imposed of three circular boards, interconnected figix cables, as
shown in Fig. 8.

Fig. 8 Joint electronics boards, laid on a plaid foided during integration

The design of the electronics has been very chgihgn Several design iterations were needed tohr#ae required
dimensions and to optimise power consumption.

In phase 3, further improvements were performeddiarity and easiness of integration have been rezgth by
employing interface connectors between joint meisaand joint electronics (in phase 2, some cal@es,for motor
and brake, were directly soldered on the electg)niBome electrical circuits have been updatethct®ase robustness
and further decrease power consumption. Hardwastogusation for different joint sizes has been genied (brake,
resolver, torque sensor and motor current sensiagits). Finally, a local torque sensor PCB hasrbadded, to be
used as support for connecting strain gauge sigaads for local amplification, to increase signal rtoise ratio.
Currently, the local amplification has been implenee for joint 7.

Joint servo control

Control software is embedded in the joint eleciterB]. It features several control schemes (carnaziocity, torque,
position and impedance) that can be configureddasethe application needs. This gives maximumdoee for the
implementation of the majority of control strateg@esent in the literature that can be used ae€lan level.

In phase 3, some updates and improvements havepeemmed on the servo control software. The lewel motor
current control has been re-written with 32-bitfixpoint, high accuracy mathematical functions.yfAainic handling
of current loop saturation has been added, to makd@mum usage of bus voltage and reach a jointdsfegeno load)
close to the theoretical value of 0.5 rad/s. Twtoms are now available for brake control: voltagatrol and current
control. Best choice depends on the operating testye.

Finally, new modes have been studied, related twepsaving, namely a sleep mode and a high-enerpghergy
control mode.

If the arm is in standby for a substantial periédiroe, it might prove advantageous to have a steegde that puts each
joint in a sleep state that saves as much energyssible without switching it completely off. Thenefit of a sleep
mode being that waking up should be faster thantithe required to switch on the joint. In this mp@®@mmand
execution is suspended and all peripherals aredunff. However, an incoming CAN message will beedied and can
be used to wake up the processor. Direct measutsroarthe joint show that the sleep mode allowsethuce power



consumption during standby from 4 W to 3.1 W, aurtithn of 22%. More saving could be reached byouhticing
hardware modifications to switch off some unusedgrsauxiliary lines in sleep mode.

A high-performance (high-energy) controller would the nominal controller for precise motions okktaghat may
require contact of the robotic arm’s end-effectathwits environment. A low-performance (low-energyyntroller
could be used where less precise motion is neédedmmand to set the processor clock was implendeintéhe joint
controller. The low-performance mode with reducedcpssor clock led to a 3.5% energy savings cordparehe
high-performance clock rate.

In summary, assuming a nominal duty cycle for DEXARF 75% in standby, 22.5% in low-performance motand
2.5% in high-performance motion, the estimated! fptaver savings using the methods implemented wbeldearly
15%. Finally, an additional analysis and some tkatsee been conducted to evaluate the amount of pthat can be
saved when reducing PWM frequency. The resultsaang between 0.8 and 1.3 W when reducing PWMuiagy
from 20 kHz to 10 kHz.

JOINT TEST

The actual performance of the joint has been medsy means of the test equipment (MGSE/EGSE) itbestim [3].
The joint is mounted on a support structure (MG S#ijile the output shaft is connected with an exaehigh precision
encoder by means of a very stiff shaft. This sbaft be connected to an external load.

Each joint has been subject to an extensive tespamn, including physical, electrical, functiorsid performance
tests. The tests conducted have shown a very gebdvibur. The functional performance has been iedrifn
laboratory environment and under the specified aper thermal conditions, i.e. between 2@0and +70C. The
figures below report some brief examples of testilts.

torque [Nm] vs. time [5]
vm [rad/s at output shaft] vs. time [s]

Fig. 9 Trajectory execution Fig. 10 Joint torque step response

Satisfactory performance has been obtained for eactrol loop. By an appropriate utilisation of tmetor and output
position sensors, the joint can perform smooth @swirate trajectories through a wide velocity rarfigen a very low
velocity of 6.3-10 rad/s (practically there is no lower limit) almasi to the theoretical limit of 0.5 rad/s. Positian
accuracy and repeatability are better than 0.02%e#s and 0.0025 degrees.

The choice of implementing the torque measurenreat“highly” stiff output flange led to a robust at@nical design.
The sensitivity of the strain gauge measuremeniesysesulted anyway good for guaranteeing torquerabloop

performance. The impact test (conducted for testiregtorque loop) showed a stable impact and noding. The
manual backdrive test (either in torque control eod in brake release mode) showed that it is plessd move the
joint by hand.

ARM INTEGRATION AND TEST

The arm integration consists of the following mateps: inserting each joint electronics in a ddditaupport cup,
inserting the cable bundle in each joint (includjomt and arm level cables), routing and fixing ttable bundle on
both sides of the joint by means of the cable ckniptegrating together for each degree of freedloenjoint, the
electronics and the corresponding limb (or arm base
Particular attention has been taken at arm desgel ftowards maximum modularity and simplicity ategration.
Some of the integration phases are shown in Fig. 11



Fig. 11 Arm integration pictures

In order to perform coordinated joint and Cartesiaotion, the arm
will be connected to an external controller, congubsf a computer
board and a CAN bus interface board. The compubard will be

equipped with the ESA CESAR/CONTEXT controller safte,

adapted for the DEXARM application (kinematics, CANus

communication, etc).

The arm engineering model will be subject to aeystest campaign,
which includes physical, electrical, functional aperformance tests.
In particular, arm performance 1SO-9283 parame(ass positioning
accuracy, repeatability, etc.) will be evaluatedngsan optical

measurement system. Finally, a vibration test (rasoe survey) will
be conducted in the proposed launch configurasee Fig. 12). Fig. 12 Vibration test set-up (CAD model)

CONCLUSION

An engineering model of DEXARM has been developedhase 3 of the project.

The arm has been based on the most dexterous Kioenaad geometrical configuration identified agpat of the
design phase. High performance and minimisatioresburces have been pursued in any phase of thecpfor any
components of the arm. Extensive design iteratiwaee conducted for the joints, the electronics el limbs, to
minimise mass, dimensions and power, while ensutiegrequired performance. Particular attention heen given,
already from the beginning, to make the design detepand to incorporate all features needed by dnidével
integrators to make use of the arm in the framtheif robotic systems.

The result is a dextrous robot arm that can beifipchiand utilised in the frame of future ESA flighrogrammes.

After the execution of the system level tests,ahm will be delivered to ESA. System test resulii$ e documented
and made available. Next activities will be theegration with a tool exchange device (CTED, devetbm the frame
of ESA contract) and a robotic hand.
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