Int. J. Intelligent Systems Technologies and Applications, VVol. ???, Nos. ???, 2011 1

A New Hybrid Machine Design For A 6 DOF Industrial Robot Arm

Abstract: Industrial robot arms are an essential part ofraated manufacturing and are used due to the
facts that they are highly repeatable; can be @B to be sufficiently accurate and they eliménat
human error. They automate tasks such as compassambly; welding; light machining; spray
painting; etc. The industrial serial robot arm aetture is by far the most ubiquitous in moderry da
manufacturing, as their technology is highly refine its current state; the machine architecture
provides extreme dexterity and it has a large usefirkspace. This architecture however does have
some problems, first the machine mass distribugamot efficient as that mass is spread throughuait
arm, and the arm itself contains significant ireerihe primary reason for this lies in the locatirthe
motors and gearboxes. A secondary effect of thissnaistribution is that it leads to inaccuracy and
dynamic vibration problems. This journal paper feesi on the design of a novel robotic arm design
having a hybrid nature. It is labelled as hybrie da the fact that its architecture departs frorthtibe
classic definitions of Serial Kinematics Machin&KMs) and Parallel Kinematics Machines (PKMs).
The primary goal of its design was to merge theaathges of the 2 architectures, i.e. a large waidesp
to footprint ratio which is found in serial robo@nd the low inertia of a parallel robot resultimg
increased speed. Serial and parallel robots arg@leonentary, and as such, these design goals caanot
exist in a single robot architecture. To realise dhjectives mentioned, 2 unique mechanisms haa to
created so that a full complement of 6 DOF (degafeeedom), could be attained. Comparatively,
once the design goals are met, this hybrid mechanisuld be better than any industrial robot used in
industry.

Keywords: Parallel kinematics, serial kinematics, hybrid triae, 6 DOF.

I ntroduction

What characteristics classify a machine as eithBKM or SKM? A serial kinematics architecture isean
which each driven axis follows its predecessorriropen ended curve with straight lines connectiragjoints,
or where each motor and gearbox is positioned atlase to the joint it controls. A parallel kinencat
architecture on the other hand fixes location andngement of the driven axes, one for each DORefobot,
at the stationary robot base. A number of linkagesthen connected from the driven axes to thetrebd
effector, these form closed kinematic chains. Twaneples are the 3 DOF Delta (shown below) and tB®O&
Hexapod.

Figurel PKM and SKM

Serial kinematic machines find widespread use @ustry, which include automotive, aerospace andeaunc
power production plants. Some of the reasons figrdte that the technology is mature, refined aasl heen
rigorously tested, in addition to the versatilitiytbe architecture to accomplish any programmableetitive
task. However the serial robot does have a fewtditioins which lead to the development of specidliP&Ms
and their adoption in a few industries, most notabe packaging of items, where speed or throughpat
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accuracy are paramount. PKMs themselves have salisaglvantages, and their attributes are generally
complementary to SKMs. PKM architectures greatishgths are speed, stiffness and accuracy wh&ickbs
architectures are characterized with a large usedukspaces, greater dexterity and versatility.

Improving the robotic tools used in manufacturimgoanation is one path to advancing manufacturirggsses
and this can be achieved through merging the adgastof both types of industrial robot architeciurghe
core focus of this paper is the presentation ofimidl solution to attaining this goal. The objeetis to create a
robot platform, that can satisfy most of industrg&amands like the SKM can i.e. being versatilejripa large
workspace combined with a minimal machine footprimt addition to that we want to add some of the
advantages of a PKM, i.e. a significantly redugegttia leading to higher speeds and lower energgumption
and greater accuracy. A hybrid machine design tactiire is the only way to combine these advantagyéth
the increase in automation and flexible productiomdustry, newer applications demand greatergoerance
capabilities from industrial robots. In their respree rights both pure serial and pure parallelustdal robot
architectures have disadvantages, which cannovéeome on their own. Hybrid structures on the ottend
which aim to combine the advantages from both &chires, provide a means to achieve a greatenteitéor
improvement.

To summarize this machine design is:
Important: because faster more accurate industrial robotesmential for product manufacturers
to improve product quality and throughput.
Innovative: as a novel machine design concept capable of 6sD@Fkich has a light machine
moving mass, a large useful workspace with gremteuracy and repeatability, and will use less
energy than current serial robot technologies. duced energy consumption will result in a
decreased carbon footprint making this robot mokerenmentally friendly.
Opportune: since no current industrial robot manufacturer diathis moment a robotic solution
that this design can provide.
Relevant: as it is necessary to provide industry with betigols that can improve their
manufacturing capability, which is exactly whatstidiesign can accomplish.

Figure2 A typical hybrid machine
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Paralle




Novel 6 DOF Hybrid Machine Design 3

Global Market Figuresfor Industrial Robotics

To understand why robotic innovation and investrisnimportant one must take cognisance of the atirre
market landscape of industrial robotics, as it &kat economics that drive robotics R&D. The maresearch
will be limited to the last 2 years, as statistize not yet available for 2011. In 2009 industriabot sales
dropped by about 47% as compared to the previoas yéth roughly 60 000 industrial robots sold. §kas
the lowest level reported since 1994. Revenue dserkby 39% to US$3.8 billion, however including tost
of software, peripherals and systems engineerimg,narket was estimated at $12 billion. The autoraot
industry accounted for 36% of the total year’s sypwith the electrical/electronics industry shate18%, the
rubber and plastics industry at 10% and the foddl lseverage industry at 5%. The total number ofsusitid
since 1960 amounted to more than 2 230 000, ant-RéInternational Federation of Robotics) estiasathe
total number of operational industrial robots wavide to be between 1 021 000 and 1 300 000 unitsea¢nd
of 2009. Exec sum 2010]

Sales of industrial robots doubled in the first 8&mfs of 2010 as compared to the same period gbrénvdous
year. The main reasons that stimulated this regowere a demand for eco-friendly production anddpits, a
drive to increase productivity to be competitive tbe global market and the competition for markedrs in
rising consumer marketdHR 1]

The main drivers for the strong recovery in 201@ergutomotive manufacturers and the electronicssinygl. In
addition, the plastics industry made robotics itwests, as the trend towards light weight prodiratseased
demand for plasticsIFER 1] It is predicted that a further increase in sakll resume in the period between
2011 and 2013 about 10% per year on average atfgénievel of more than 100 000 unitSxg¢c sum 2010]

Future potential as determined from user wants and needs

There is significant potential for industrial roban growing industries: pharmaceutical, cosmetiedical
devices, and the food and beverage industries.eTheg still opportunities for the metal and solaergy
industry, in which robot applications are still fiom that of the automotive sector. Small/medivized
companies and even small trade companies, i.eentps shops and garages, are now capable of using
industrial robotics due to the following advandéBR 2]

« Easier handling and user friendly programming whattilitates robotic automation
»  Optimized quality control via Robot-Vision

» Small and fast robots are operating in confined¢epavithin manufacturing areas
* No need for security fences due to improved serstmology

e The systems are now selling at a reduced cost

Industrial robotic systems are central componeritauwiomation. There are several good reasons fer th
manufacturing industry and non-industrial sectarsantinue investing in robotic installations cunttg and
well into the future, these arBxec sum 2010]:

«  Greater flexibility is needed and due to decreapimgluct life cycles and shorter time-to-market
* Improving global competitiveness

» Adhering to environmental regulations and labowslavith regard to health and safety

* Reducing energy, operating and capital costs

* Improving product quality, consistency and outfaies

* Reducing material waste and increasing yield

e Saving space in high value manufacturing areas

Hence there will always be a market for industraotics. It may have been hard-hit by the glolzminemic
recession but it is poised to bounce back and aelsales and revenue at levels prior to the meitdaomvthe
next 2-3 years.

A Detailed Comparison of the Main Industrial Robot Architectures

According toBruzzone, et. al parallel kinematic architectures are comparativedyter in terms of increased
stability and arm rigidity. Additionally since theis reduced arm flexing, the architecture has hégieatability
and it can additionally exert high forces in itsriugpace due to the high stiffness of a closed-lkiopmatics
structures. Bruzzone, et. al]



Tasora, et. al mention that for PKM’s the motors are positionedifixed arrangement on a fixed base, these are
responsible for most of the manipulators inertia tience the speed of displacement of the end effést
greater. Tasora, et. al] Rowe  states that PKMs have the advantage of end efféadd distribution among
the many legs of its closed loop structure, anchdly be purely axial but this is dependent on thehime
configuration. Rowe]

Each link in a serial robot must support not oty thasses of its link and motor, but also the nsagkall the
links and drive units preceding it, hence when carag to PKMs, the inertia is considerable. Thisbignertia
restricts the capability of the serial robot innterof its dynamic performance and accelerati®arsfon and
Anderson]

The flexing errors of each link in a serial robothitecture are additive, and the sum effect le¢ada larger
total end-of-arm flexing error as compared to PKNMisere is a general additive and amplifying effeith all
errors in a serial structure and these include faatwring errors, gear backlash, hysteresis, egcdiBtinction
PKM robot’s multiple arm structure has the effetCaweraging all errors, which can be further redulog using
large displacement compliant joints. This can imprthe error averaging effect in PKMs and in sorases
lead to sub micron positioning accuradylopn and Kota]

PKMs are less sensitive to temperature, have lemergy consumption, a lower manufacturing cost aned
more reliable. They offer good design variatiomwaihg designers to stretch their creativity andospiualize
machines with varying architectures, far more tti@@y could do with serial topologies. PKMs tenchtve a
larger footprint to workspace ratio which is thegnsignificant disadvantage. This is due to thetosng of
the motors and the resulting configuration. Thare sbme exceptions, however most designs take lapye
work area. Also the performance of PKMs is gredtypendent on their geometry and as such optiméajrdes
has therefore become a necessity in their developrttao and Merlet]

Tablel A comparison between parallel and serial mechanisms

/ PARALLEL SERIAL
ADVANTAGE: MECHANISMS | MECHANISMS
Higher Stability and Arm Rigidity

Greater Repeatability

Higher Stiffness

Greater Speed and Acceleration

Load Distribution among Actuators

Dynamic Behaviour Immune to Payload Variatigns

Lower Energy Consumption

Lower Manufacturing Cost

Smaller Positioning Errors

Y Y N RN I NN AN N

Lower Sensitivity to Environmental Conditions

Larger Workspace to Footprint Ratio

Geometry Independent Performance

Simpler Control

Simple Forward Kinematics

<

Simple Inverse Kinematics /
Predictable Dynamics /

Payload variations on the end effector drasticaffgct the machine behaviour. This is due to tlut flaat the
ratio between machine moving mass and payload gaifiantly lower than in SKMs. Their complex
kinematics and dynamic models also make contratfare difficult than in serial machine&ruzzone, et. al]

Most PKM research have been done on machines witB@Fs and they have a small useful workspace, are
riddled with design difficulties and their forwakinematics is an extremely difficult problem. Oretbther
hand the kinematics of parallel mechanisms with awva three DOFs can be described as closed forms.
Moreover not all the singularities of a six DOF gdlel mechanism can be found readily, but theserapaly
identified for PKMs with two and three DOFs. Itfte such reasons that PKMs with less than six DOége
been increasingly attracting more attention foustdal applications.{in-Jun, et. al]



Novel 6 DOF Hybrid Machine Design 5

Novelty in Machine Design

The concept architecture for the machine uses pheilt8 bar linkages, a unique concentric gearbox and
dexterous wrist. The machine will mimic the 6 DQledree of freedom) motion of a typical serial roaot

will have an equivalent footprint and workspacedaidnally all six motors and their associated gpexes have

a fixed spatial location at the base, and throlmisé linkages and gearboxes they transfer thajuéoto the
intended axis, this significantly reduces the ilmedf the moving arm. The inertia can be furthetueed with

the use of high strength, light weight linkagesngstomposite materials. There is still substaméakarch that
has to be done to investigate the feasibility @ golution, however this does represent a fiestation of a
workable design.

Hybrid machine designs are generally composed tf berial and parallel machine sections connectedlly,
and one can distinctly recognize the comprisingiees of the machine as a whole, this is illusdlate Figure
2. These hybrid designs aim to improve robotic ipalaitors by localizing a particular architecturetst point
where its advantages are most necessary, therdtactxg the best features of each architectur@icijly 2
and 3 DOF PKMs are used as component building BloBKM components are used where a large range of
motion is needed or where less complicated or aexisting PKM solution exists. The novelty in ti&achine
design is that there is no clear distinction betwaeparallel or serial nature, and hence it dessrib truly
unique hybrid machine. It has a full range of 6 D@HRarge useful workspace with minimal inertia,iethwill
result in significant energy savings. To illustrdte mass and energy saving potential of this nmechihe
specifications of a few contemporary industrial atsbproduced by 2 leading manufacturers in thel fagle
illustrated.

Figure3 Robot specifications

ABB IRB 140 FANUC Fanuc ArcMate 120iB
e et Robotics
» MFG: ABB g
e Category: Industrial Robots e MFG: Fanuc
e Part #: IRB 140 .(; o Category: Industrial Robots
e Max Reach: 810 mm 4 « Part #: ArcMate 120iB
e Payload: 6 kg ¢ Max Reach: 1667 mm
+ VWeight: 98 kg ; » Payload: 20 kg
* Controller: S4C iy « Weight: 220 kg
— « fl' e Controller: RJ3
$48,000.00 =
= e
$68,400.00
FANUC  Fanuc N-420iA ABB  ABBIRB 7600 Industrial Robot
s MFG: Fanuc
2 \.: « Category: Industrial Robots * MEG: b0 :
£ ! ! ¢ Category: Industrial Robots
kel 4 ol i o o Part#: [RB 7600
- s * Max Reach: 1855 mm o M P Br v

Payload: 40 kg :
« Weight: 620 kg » Payload: 500 kg

: - o Weight: 2450 kg
“ Controller: RJ3  Controller: S4C+

.

$80,400.00 N
$162.000.00

The most important specifications of an industr@bot are its reach and its maximum payload at tsach.
Additionally for serial type robots shown aboveg thtal mass is also important as roughly 60-80%haf total
mass is machine moving mass. This means that ther mesponsible for moving the robot about its ax
(vertical axis) has to move that mass (60-80% deipgnon the robot). This is just for 1 motor, whigbuld be
the highest rated motor (power and torque) in thieot. The remaining 2 used to position the endetdfe
would scale accordingly and still need to be ratigghly to be able to carry the specified payload #re mass
of links and motor-gearbox combos that follow ib $implify calculations and make an effective conymm
consider a 1000 kg serial robot, this is entirdgupible as the IRB 7600 series, pictured in theobo right
corner of Figure 3 above has a mass of 2450 kg e will limit our comparison to just that firstator,
however the benefits of this design would filterotigh to the remaining motor-gearbox combos. Fisrribbot



the machine moving mass would be in the range 6F&ID kg. The energy required to move this mass is
significant, and considering an automated factoamrynimg 10-25 of these robots, 7 days a week withimal
downtime, the energy cost and carbon footprint wdaé staggering. Now compare that to the hybridgdes
guestion, having the same reach, payload and tosas as this serial robot. The machine moving nsss
expected to be in the rage of 30-50% or 300-50(&kgll the mass which is concentrated in the motor-gearbo
combos is fixed in space. Furthermore there wilbbditional mass optimizations as the links usedonger
have to be as strong as they are with serial rathago the fact they don't carry that dead mahss Will create
significant energy savings and reduced carbon @missand with the global drive to reduce carborissions
this design trumps any serial robot industry hagrasent. Furthermore if we were to use the santermave
could reach even further, or move faster, or to esathegree combine increased reach and speed. This
substantially increases the robot’s appeal.

Robot manufacturer’'s product guides have many iolsoiutions and some of those have mechanismk&aep
that try to minimize the inertia of the arm. Twotbése products are illustrated in Figure 4, othanufacturers
have similar designs. These use control arms txagt the motors, placing them closer to the bEse.effect

is to minimize their contribution to the inertiacat the z-axis, making the robot faster and indrep#s
payload carrying ability. These designs however @aly minimize the effect of that particular motornass
contribution, since it is still being moved onlywdt is closer to the base. The design in the sulgéthis paper
completely eliminates the dead mass/inertia problanfixing all the motor-gearbox combos to a stafpatial
location while maintaining an equivalent machineotfwint, reach and dexterity. None of the major
manufacturers have a product that is as capalikxjraf the same advantages that this hybrid desigerently
possesses.

Figure4 Robot manufactures try to minimize inertia by ustogtrol arms

Control arms used
so that actuators
can be located

closer to the base

Motoman MPK50 ABB IRB6600

Design Description

The machine aims to achieve actuation transfer fiteenmotor and gearbox located in one position fitted
base which makes it similar to parallel architegfuio the target axis located elsewhere, througkrees of
gears and light weight connecting linkages. Thea®snin which this actuation transfer could be aqushed
is via a rigid link and non rigid link actuatioratrsfer mechanism. The non rigid link option wowduire the
use of toothed belts or chains. However this optionld restrict the load carrying and force exeytobapability
of the machine, however it offers increased manifoul speed. For applications that would require the
placement of light objects in a large workspace tiption would be suitable. This paper will focusabdesign
using rigid link mechanisms. The drawings illustichbhere are from a rapid prototype of the platfoithlinks
and gears were laser cut from 2D Perspex and assgimbo 3D structures. To work around the probleEmot
having bevelled gears the gear teeth were made kmgugh so that they can mesh at 90 degrees ttveith
pitch circles tangent at 90 degrees). This worladyf well, even though the gears now have poinitact
instead of line contact, and for a working modés thias sufficient. Most of the drawings that wi# Blustrated
show this, however it must be remembered that tlepyesent bevelled gears, which will work exceelging
better.
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The design will be described from the bottom upe Tiotor units and their associated gear boxes, shiow
Figure 5(a)), have a fixed position in space. Thaee6 sets in all, this is shown in Figure 5(bdl c). Their
arrangement allows them to occupy dedicated spacéaémselves, and allows them to mesh with thesgefa
the next part of the design, the concentric geiedmhose gears that mesh with the concentricednave to be
bevelled as they mesh at an angle, preferably degéees.

Figure5 (a) Motors and their gearboxes, (b) Top view of an®@tand their arrangement and (c) 3D view of
motors and their arrangement

The concentric gear drive consists of 7 concestitions. The outermost section mounts on the fisees and
does not move relative to the 6 inner sections.

The 6 inner sections are all capable of rotatirdependently of each other (just one degree of fneed.e.

rotation), while remaining concentric. Each sectioids its nearest inner section in place (therimost section
does not hold anything), via a double ball raceibgdillustrated in Figure 6 and Figure 7). Theen bearings
do not carry a vertical load, they simply facil@dhe transfer of rotation and torque from the braséors to the
designated driver gears/links. The outermost bgasrthe only one that carries a vertical load, clhis the
complete mass of the moving machine and the paytazdries.

The 5 innermost sections have bevelled gears mauwmeboth the top and bottom halves of each se¢tea
Figure 6). The 8 section (counted from the inside moving outwara b bevelled gear on its bottom half. On
its top half it has a physical mounting for 5 bésgtlgears that have all their axes concentric ahidiwmesh
with the top half gears of the concentric geareldy 90 degrees (Figure 8). TH2dkction (outermost movable
section, see Figure 6) is responsible for movirgrtiobile parts of the machine arm about the vérixis.



Figure6 Cross Sectional Views of Concentric Gearbox

Outer most section

(Fixed to the base)

Outer most
movable section

Bevelled

£edrs Inner most section

\ Bearing Balls

Figure7 Exploded View of 2 Consecutive Sections

Bearing ball raceways

Bearing ball brace
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Figure8 (a) All vertical bevelled gears, with their struc@blimountings, and (b) Bevelled gear meshing, with
structural mounting hidden

OQuter most section

(Fixed)

To transfer actuation away from the base, 3 bdesipivot linkages were used, these are illustratdelgure 9.
The orbit of the follower need not be a 1 to 1 (thaput link would trace a circle of the same radas the
driving link) or 1 to -1 (the output link would ra a circle of the same radius as the input linkibuthe

opposite direction) match with the driving link. & follower links must however match the angulaation of
its driver (no longer positional magnitude); thatthe orbit does not have to be a perfect circleitblias to
circumnavigate the axis, i.e. the follower must énane complete orbit for every 360 degree rotatibiits

driver. This also implies that the torque (and tiotel speed) delivered to the end of the linkagki¢h will be

transferred to the wrist) will be varying.

The slider has a pivot at the midpoint (allowing tHlider to rotate) of the supporting link (thisnimiises
warping of the follower orbit and maintains a sorhatwcircular profile). Furthermore the follower tive end of
the primary slider bar linkage becomes the drivesdcondary stage. The orbit of the follower ongbeondary
stage is further warped but still circumnavigates tain wrist axis, and matches each degree diontaf the
driver on the primary stage.

Our initial choice for this torque transfer linkageas a parallelogram but there was no simple mecaln
solution to prevent the singularity position (wh#re parallelogram collapses, or adjacent sides rheco
collinear, and the exit configuration in which utd either be the parallelogram or a crossed djadehal —
crossed configuration parallelogram). We experiméntith designs in which we used extra links toatze
double parallelograms, with a phase offset so thhen one collapses the other prevents the crossed
configuration. Another solution was to maintainrassed configuration, and for this we used a mowgiidgr-
pivot joint between the longer sides of the quatkilal (parallelogram in crossed configuration)e Thlink
slider-pivot linkage in Figure 9(a) above was themest solution to achieve the required objective.

Three of the inner vertical bevelled gears, beirigeth by the concentric gear drive then serve agtiver links
for the primary slider bar linkages. These theralthe secondary slider bar linkages that eventaalhtrol the
orientation of the wrist through the wrist concentirive, see Figure 10(a) and (b). TH& vertical bevelled
gear controls the proximal arm (lower arm, as itliser to the fixed base) whose midpoint holdspivet axis
that connects to the sliders on each of the 3 pyirsiéder-pivot linkages (Figure 10). It controtgetelevation of
the lower arm (proximal arm) with regard to theihontal plane. The'Sgear controls the driver of a 3 bar
slider-pivot linkage whose follower controls theginbetween the upper arm (distal arm) and the Hcwm
(proximal arm).

The distal arm holds the axis that connects tostiters of the 3 secondary slider bar linkages,FRgare 11.
The slider pivot of the upper arm is located atrfid-point between the end rotational joints. Tiaduces the
warping of the secondary stage follower orbit, mlilcd with the primary slider bar linkages.
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Figure 9 (a) Primary slider bar linkage, (b) Primary slidear linkage connected to secondary slider bar
linkage, (c) Non-rigid link actuation transfer, afity Experimental linkages

Non-rigid Link

Experimental
Actuation Transfer

Linkages

Figure10 (@) Vertical gear connections to links, and (b) gerslider pivot joint

Simple slider pivot
joint exposed.

3 Inner vertical gears and
linkages that control the wrist.

Sth Vertical gear that drives the linkage
that rotates the distal arm (upper arm).

4th Vertical gear that rotates the proximal
arm (lower arm).
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The follower end points on the three inner slidieoeplinkages of the secondary stage then conrethree
vertical bevelled gears respectively (which are nted on the upper arm). Since the follower doeshaot a
perfect circle orbit around the main wrist axistslare cut into the gears and links allowing thiéoteer to
move in and out of a perfect circle trajectory/trithese are slider-pivot joints shown in Figuréd)2 Those
vertical concentric bevelled gears then mesh with wrist concentric drive gearbox having four cantde
sections shown in Figure 12(a). This concentrigadegain makes use of the double ball race bedhirsgrated
in Figure 6 and Figure 7, which allows each sectmmove independently of each other. The outetiges
hold the inner sections in place. The outermostahtev/section (or the third section in the concerggar drive
for the wrist) rotates the wrist (this is the fiestis) and has mountings for the inner 2 axesh®f3 DOF wrist.
With some additional gearing those remaining 2 aesset at 90 degrees to each other andtherist axis,
thus allowing a full 3 DOF orientation of the erftketor.

Figure 11  (a) Upper arm showing secondary slider bar follemawnnecting to wrist gear drivers, and (b)
Upper arm showing slider pivot joint

Exposed simple slider pivot joint

Secondary slider links

Figure12 (a) Gear meshing at bottom of wrist concentric lgery (b) Top view of wrist concentric gearbox,
(c) Complete Wrist and (d) Secondary follower ge#h slider slot
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Scaled Model Prototype - Motors, Electronics and Control

The mechanical design has been fully explained,tbatwas the central focus of this paper, howdvere are
some additional points to make regarding the schladtional model. To drive the linkages and geaiel
helicopter servo motors were used as the prime rso¥egeneric controller board with an Atmel ATMEG23
microcontroller was sufficient for communicationsdaPWM signal generation for the servos. A modifizd
power supply was used to power everything, andungbns on how do this can be found readily on the
internet. To be able to keep the servos at thedfikase they had to be modified. First the feedback
potentiometer (pot) was removed and an extensibte csoldered to it and the servo controller boafthe
feedback pot could then be placed at the jointoittmls with the driving motor at another locatiorhe
mechanical stop was removed so that the output sbafd make a full 360 degree rotation. Additidypaine
also has to make certain that the polarity on iemiometer is correct so that the servo drives the right
direction to correct any positional error, if nbetpowered mechanical drive will destroy the feettbsensor
and other linkages.

Figure13 (a) Model helicopter servo motor, (b) Modified P@xer supply, and (c) Generic controller board

Figure14 Servo modification - removal of mechanical stop egldcation of feedback potentiometer

Puteiitionicter Potentiometer removed



Novel 6 DOF Hybrid Machine Design 13

Figure15 Perspex Model

Some Control | ssues

The control will only be touched on here and ifisightly big for a research paper of its own. Degiag on
how one approaches the problem the control caerdith very difficult or relatively simpler, butstill requires
extensive work. The forward kinematics for the 3 lozkage is trivial, however no analytical solutiexists for
the inverse kinematics. One solution is to credtmolup table, which maps output angles to inpules for a
certain number of discrete values. If the requardle lies between 2 discrete points the actuatisol is found
by numerical analysis and iteration, possibly a dewEuler method. This method is also used foratial
inverse kinematics of the full machine. The lookaple provides a starting point, and contains 3Btiap
coordinates, the numerical algorithm then redubesspatial coordinate error to within some toleearithis
discussion applies to feedback from joint encodensyever if an external position feed back mechansin
place that error could be reduced to zero.

Conclusion

To conclude a novel 6 DOF hybrid machine havingraéd useful workspace with minimal inertia has been
designed. There is no clear distinction betweearallel or serial nature, and it describes a turique hybrid
structure. This is achieved by the use of a nowatentric gearbox, which is a complex mechanicatponent
that allows actuation of 6 different DOFs by 6 mstattached to the fixed base of the machine. Gtiyréhere
exists no satisfactory machine design that hathaltharacteristics that this novel machine woutVige.

During that study it was necessary to build and, tesechanisms and linkages that comprise the roboti
manipulator, this was accomplished using low castspex. The complete design which has been dedcribe
above was implemented on the same material to pgheveoncept. Thus far we were able to prove 4 ingrk
degrees of freedom, 3 DOFs to position the wrigt &nto orient the wrist. The makeshift bearings thoe
concentric gearing systems then became problermatibe last 2 DOFs. However the physical modeihef 3
DOF wrist does work and orients the end effectatessred.

The limitations on the mechanical properties ofsBek and the inaccuracy of the laser cutter usedttout the
parts, now mean that the next design iterationhvelle to use proper gearing and bearings, thisbaitchieved
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through 3D rapid prototyping (3D printing). A scdleersion of the full 6 DOF concept is currentlyirge
designed and will be rapid prototyped to test fiomality. Multiple configurations can be prototypédthis
way at low cost to find the most suitable desigtiosp This method will guarantee end of term fulbke
prototyping success. The Perspex model howevehidjdlight structural problems, and the need foreatld
motor axis support at the base. The laser inacgualso magnified backlash problems and this wvélédto be
minimized in the next design.

The end goal is to build a full-scale prototypejakhcan then tested and compared to existing sengiparallel
robots, and prove our claims of an improved desiye. are currently in the process of acquiring sigfit
funding to proceed with the research and developnaard future research papers will focus on foreasfer
through the system, the effects of vibrations, kimematics and dynamics of the machine, and otheoitant
metrics that will be used to then effectively comgptine design to existing industrial robots.

The impact of this research will be realized ifsthechnology can improve manufacturing quality,ucs
product cost, increase production output rate asdluce the manufacturing carbon footprint. This will
eventually yield higher profit margins for manufaihg companies, and will produce exports at lowest
increasing competitiveness.
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