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Executive Summary

This project was commissioned Byl Ross owrer of Bay of Plenty Gear Cutters, to
designa prototypeportablehandheldeinforced steefod combination bender and cutter
for use on construction sgevhere access to a power source is limifdds thesis cover
the researchof current cutters and hders on the marketconcept generation,
development, materials selection, adetailed design involvinghe analysis of the
components in the device in both first principles and a finite elementse@REA)
performed onmainly SolidWorks The proposed new tool will require further
development, refinement and optsation before it can be released for sale.
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1 Introduction

The purpose of this project is to develop a hand tool that can cut and bend reinforced steel
rod, hereinafter referred to aesusddindbear , o
heavy construction industry for reinforced concrete. All currently available tools that have
this combination of cutting and bending capacity require power to be delivered from a
mains power point. Although there are current power tools emtarket that have a
bending and cutting combination feature, none of these tools have an independent power
source be it electrical or otherwise. This restriction can be a nuisance or danger on a
construction site, as this tool is usually used beforered#ygtis connected to the building

and large generators are clumsy to manoeuvre, especially on unsealed surfaces found at
construction sites. Having a portable tool that possesses its own power source would

allow the construction workers to use this teith greater ease.

As previously mentioned, construction sites have limited access to power sources.
Reinforced steel is used in the initial stages of construction, and if the reinforced steel is
bent incorrectly or cut to the wrong length, the builderaldibave to send the steel back

to the manufacturer for correction. This, of course, would delay construction and would
have financial ramifications; this tool seeks to eliminate this risk by making the job of

bending and shearing rebar easier.

1.1 Cliert specifications

The client of this project has requested that:

1 The power tool can bend and cut rebar to a maximum diameter of 20 mm.
The power tool must also be electrically powered; the most likely source of power
will be a standard drill battery.

{1 Therebar bender mechanism should be able to bend 20 mm diameter rebar 180°
within 15 seconds.

1 Shear 20 mm rebar within 10 seconds.

1 The pwer tool shouldot beheavier than 15 kg if possible.

T Safety features wil | theswdtdhuuf dekeased atfadye a d
time would switch off the tool).

1 Power tool will be internally torqubalanced so that the user will not have to

wrestle with the tool when in use.



2 Research

This chapter will focus on researching the rebar bender and cutterehatirrently
available, methods in which metal is cut, sheared and bent. The material properties and
applications of rebar used in New Zealand will also be discussed as well as the possible
transmission methods that could be utilised to achieve theguattith bending of rebar.

The opinions of the end user will also be part of this research.

2.1 Similar Products

Currently on the markethere are several cordless cutters and benders of reinforced steel.
However, these products do rudvea cutter/bendecombination feature. There are
however corded power tools that have thatureof a cutter and bendeombination, but

the main drawback is théteyrequire a 23 50 Hz power supply.

Figure2.1: Diamond DB@6H Portable Combination Rebar Cutter/BendéPw S 6 |
Mesh Conversion Supplies (Pty) Ltdl,)

The combination rebar cutter/bendsr Diamond shownin Figure 2.1, has the rebar
bender located on the side of the tool while the rebar cutter is located at the front of the
tool. Accordingto thema n u f a cspeaificagion® fer this device, it can bend a steel
barto a maximum diameter of I&m in 5.5secondswith a maximum bend angle of 180°

It is also able to cut through a steel bar ins2&onds

Hitachi ha developed a similar product to that of Diamphdth power tools employ the

same methodf cutting but Hitachi providesnore accuratbending as bend angleme
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pre-set It also allows the user to manually control the angle of bend di¢seed angle
IS not provided on the pigets.

Figure22:1 Al OKA NBOF NJ OdziiSNJ FyR 06SYRSNJ o
/ dzii PR8N >

The yellow guard covers the cutter while it is not in use. Both the Hitachi and the Diamond

rebar cutter and benders share the same problem of their reliance on a mains power
supply.

Figure2.3: Rebar cutting on Hitachi (Hitachi VB16Y-8rp Portable Variabt&peed Rebe
Cutter / Bender2018

Thereareseverabatterypowerechandheldproducts offered by numerous other brands.
However, these products only either offer cutting or bendingnot both. Figure 2.4

shows one such cordless rebar bender;Qgera HBB19180DFcan bend 1@nm
diameterebar 180° in 18econdsit usesan18YV lithium-ion battery.The electric motor



4

does notdirectly drive the bending mechanism but rather the motoesdravhydraulic

pump to generate 60,08@a output to bend the rebar.

a 0 491805mMdordiéBs rebar benders fron

Figure2.4: Ogura HBBL9180DF cNR f S &
O 9ljdzALIYSyidQ:z

S
{GFAy St SO | & RRALHZ A

Figure25:/ 2 NRf S&aa al {AGF -/ {nm% NBOI D
-1 { n2018Q =

Makita has developed a rebar cutter capable of cutting mrb6diameter rebar in 6.5
secondsit uses the standard Makita ¥8lithium-ion battery which is compible with
the rest of the Makita range of power todlfie blades have been rated for 4000 cuts

before replacement is required

There arenumerous brands offerirgimilar cordless and corded solutions for cutting and
bending rebaHowever, there aneo cordless combinatio2O mmrebar cutter and bender

currently on the market



2.2 AlternativeMethodsof Cutting

There are alternative methods of cutting steel to the metal shear method used on most
rebar cutters. One such method is to use a circwarGaicular saw blades are highly
accessible but would significantly increase the size of the device. It would also require a
great deal of guarding to protect the user from its high rotational velocity. Another
downfall of this method is sparks generatexmn cutting steel; this would present a fire
hazard and restrict the devicebs wuse 1in
through a 16nm diameter rebar using a circular saw is comparable to that of conventional
methods used by rebar cutting guats currently on the market. The same goes for cutting

discs, although cutting discs would be more compact.

Figure2.6: Circular saw bladeRoofing Tool2011)

Figure2.7:Cui i Ay 3 RA &0 T2 A& 6.6¢
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There are other methods of cutting steel such as laser cutting, water jet, and the use of
oxyacetylene which are used in industry, fouthis application, these options may prove
impractical. However, all options must be considered and will be briefly discussed below.

Laser cutting COz laser cutting)s one of the most accurate and the quickest methods of
cutting steel, but laser curty produces a significant amount of smoke and heat. It also
has a risk of warping the material due to the heat produced by the laser. However, the
major drawback of laser cutting is that there is currently no battery powered laser
powerful enough to cuhtough steel; a laser cutting through steel requires approximately
6000 W.

Water jet cutting is one of the most straightforward methods of cutting through steel and
many other materials. Waterjet cuttinguses+pghe s sur e water , fin e
(344738 kPa)o (WARDJet, n.d. ), which is
between 0.25 ~ 0.36 mm. The smaller the jet stream diameter, the slower the cutting
speed. The larger the diameter, the faster the cutting speed but lower precision of cu
Water jet cutting has several drawbacks including requiring a continuous supply of water
and abrasive particles.

Oxyacetylene gas cutting works by applying oxygen to the heated metal; the oxygen
reacts to the metal forming an oxide which is below th&imgepoint of the metal being

cut. The torch then burns through the oxide and cuts through the metal. Using an
oxyacetylene gasutting torch does require some skill and training; it also presents a fire

hazard and may prevent its use on some construgites



2.3 Methods of Bending

There are two most common methods of bending founelextric rebar benders. The
first pushes the rebar inwards against two stationarywimeh then forms a bend, as
shown inFigure 2.8. The flaw of this methad is that it cannot make 180° bends; as the
powertool,wi | I obst r uc tHoweuverethereasta aaridion ofpthasttool .that
bends the rebar in tlwpositedirectionwhich eliminates this problenseeFigure 2.9.

Figure2.8: Linear rebar bendgStainlec Hydraulic Equipme2014)

Figure29:=  NA I GA2y 2F tAYySI NI NBol
w9 . !l w . 92189 w{ QX
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The second methodast commonly found on benders usesadialsystem. The rebar is
placed baveen a stationary pin and a rol#at moves in a rotational motigfrigure
2.10), which gives morevariety in bend anglesompared to the linear rebar bendére

cordless versioalso incorporates a hydraulic pump.

Figure2.10: Radial rebabender (RMGS$1.d.)

Both methods have their advantages and disadvantages; the radial rebar bender is more
compact compared to the linear rebar bender and would be easier to store when not in
use. However, the radial rebar bend/ould not be well suited for hasetld use as it will

be topheavy, while the linear rebar bender would have better balance fohkihdse.

There are also alternative methods for shaping steel. The following methods may or may
not be practical to tki project, but all avenues must be explored and will be briefly
discussed. There are several conventional methods of bending; these are: induction
bending, roll bendingand synchronized incremental bending. There is also a method of

forming steel utilisig explosives.

Induction bending involves heating the piece with a heating coil, and the workpiece is
moved at a constant speed so that a specific temperature could be achieved. As it moves
through the heating coil, the piece is bent to its desired steqme. the desired shape is
obtained, the piece is then cooled. One of the drawbacks of this method is that the
mechanical properties of the rebar will change due to heating, which may put the

structural integrity of the building at risk.
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Roll bending inwlves running avorkpiece of metal through three rollers arranged in
triangle, (Figure 2.11), with the three rollers rotatg independently. The radius of the
bend is achieved by changing the distances between the rollers. However, it will take

several psses to achieve the desired radius.

Figure2.11: Roll bending/pyramid rollingShell Rolling Procedure, 2013

The synchronised incremental bending met{féidure 2.13 is similar to point bending

which is the method used by linear rebar benders. Synchronised incremental bending has
several bending point&nlike point bendingwith only one bending pointyvhich are

applied toeithersection of the metal piece or the entire length of the piece depending on
the desired shaps bend radiusThis method produces bends with little distortion.

Figure2.12: Synchronised incremental bendi@jbina, 2018)
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Explosivehydroforming uses explosive charges placed on the she#dl surfacésee
Figure2.13), it is then submerged underwabeer a dieto whichthe charge is detonated

This is known as the Contact Method. The second method of hydroforming is called the
StandoffMethod in which a layer of material, usually water, oil air, is placd in-
betweerthe explosive anthe sheet metal. The sheet metal is also plaser a die and
submerged in water. This method is similar to hydroforming; the difference is instead of
using an explosive to generate presshydraulic fluid is pumped into a mould with the
sheet metal in plac& hepunchwill then push dowragainsthe sheet metahndgive the
desired shapéFigure 2.14); a similar methods usedwith tubesto obtain thedesired
shapewhere the hydraulic fluid is pumped into the t@Bigure 2.15) which expands the

tube wall up against the die and punch

Figure2.13: Explosive hydroforming sheet metal?9 E LJt 2 & A &S
C2NX¥AY3 { SNBAOSa200NB BARSR |G t I (

Figure2.14: Hydroforming sheet metab W1 @ RNR2F2NXAyYy 3 27F (d2018a =



Figure2.15: Hydroformirg tubeso W1 @ RNBEF2NX¥Ay 3 2F (dzoSaz
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2.4 Types of Rebar

There are two types of rebguain and deformeFigure 2.16). Plain rebarsre usedn
applications where the concrete and the bar are required to slide against one Another
exampleof this applicationis pavementsThroughout the dgyconcretepavementswill

expand and contradtiere,adhesion betweeconcreteandrebarwouldresult incracking.

The most common rebars in use are the deformed retaicd) have ridges, a repeating
pattern, or a custom pattern as required by a customer. The ridges allow better contact
with the concreteit is mainly used for beamgolumns and a@her precast concrete
applicationsThere are also epoxgoated and galvanised reptirese are usually used in
environments where corrosion isignificantissue andtheyareusually more expensive

Figure2.16: Plain and deformed f@&rs (Betons2017)
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2.4.1 Rebar Bending
Rebar must be bent tthe specfication as outlined in NZS 3109: 1997 Concrete

constructionanddepending othetype and diameteminimum bend diameteraust be
adhered tdable 1.

Tablel: Minimum rebar bend diameter (Molloy, June)

With most grades of rebanitial cold-bendng is permittedRe-bending or straightening
is to be avoided for 300E, but for 50ade rebame-bending or straighteninig strictly
forbidden Rebar bending is also performed cold, although hot bending is allbvnealst
be completedin strict control, as high temperatures wouldgradethe mechnical
properties of the rebaFhis results invelding specificgrades of rebdbeingforbidden,
(Table 2.

Table2: Rebar conditions (Molloy, June)
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2.4.2 Rebar Applications

Concrete is best suited to applications where compression is experienced; however,
concrete may experience somgegnal forces that will cause tensitmoccur Without
reinforcementexcessive tensile forces wittime concrete wouldause it tacrack orfail.

In order b combat tensignsteel rods (rebar) anatilised in the concrete talirect the
tension away frm the concreteRebar will most ofn be seen in concrete beams,

columns walls, and foundation@-igure 2.17).

Figure2.17: Applications of rebafintegrated Publishing Constructiom.d.)

Rebar is also used for ties and stirrups. The former for preventing shear in concrete beams,
and the latter to preverthe main \erticatrebar in columns from separating due to

compressive loads.
2.4.3 Rebar Metal Compositi@ndMechanical Properties

Rebar used in New Zealand constructiosasircedfrom both overseas (China, India,
etc) and locally The quality control of steelsed inrebaroverseas is unknown. However,
it is known that thgrimarylocal supplier of rebar in New Zealand is Pacific StSedel
manufactured by New Zealand Stéipplied to Pacific Steefjdhersto the Australian
and New Zealand standard AS/NZ674:2001 This standardiescribes the chemical,

geometrical, and mechanical properties thltrebar produced in New Zealand and
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Australia must complyAccording toPacific Steel, for the two most commonly used rebar

grades, thenechanical andhemical popertiesfor grades 500E and 30Q#fe as follows

in Table 3
Table3: Seismic 500&nd 300Esrade Rebaklechanical andChemical Propertiess W{ 9 L { a L/ t
2019
Elements C S P Ce
Max [%] 0.22 0.05 0.05 0.43
Grade Elongation a
300E Yield Stress [MPa] Tensile Ratios [MPa] 9
max load
[%]
300-380 1.151.5 Min. 15 %
Elements C S P Ce
Max [%] 0.22 0.05 0.05 0.49
Gl Elgnnlzirg at
500E Yield Stress [MPa] Tensile Ratios [MPa] 9
max load
[%]
500-600 1.151.4 Min. 10 %

tl OA ¥

The \ariations in the mechanical propertie§able3 could be due to New Zealand Steel

mixing recycled steahto their new steelAccording to New Zealand Ste€l(18, the

average recycled content of steel produced by New Zealand Steel is approximately 12%

from preconsumer scrapt should be noted that New Zealand Steel tests its scrap steel

composition bfore mixing it into the batchrigure 2.18 shows the stresstrain curve of
500E grade rebar steel; this grade of rebar steel will be used for alliamestaining to
the design of the rebar cutter and ben&eom Figure 2.18, theyield stress idbetween
50071 600 MPa; for the analysis in bendin§00 MPa will be used and for shedhe
Ultimate Tensile Stress (UT®f 726 MPa, will be usedThe red Ihes onFigure 2.18

show the offset stresses at yield and ultimate tensile stress.
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Test No 5
AS/NZS 4671 G500E DEF, Material: Reinforcing Bar

MPa Supplier: ROLLING MILL 2015-10-21
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Figure2.18: Stress Strain Curve of 500E grade rebar steel (Pal@ersonal communication, October 26,
2017)

2.4.4 Rebar Shearing

As the tool both shears and bends, the one withigieerpower requirement will be used

to select a suitable electric motor. Bef the calculations can be carried out, the various

stages of shearing metal must be considered, as shdviguire 2.19.

Figure2.19:{ (I 384 2F aKSIFNRAy 3 6 W{20809S
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FromFigure 2.19, the stages of shearing can be seen. The reflective surface is+the roll
over and burnish depth; theseotfeatures combined is the shear depth. The surface with
the duller finish is where the fracture has occurred. The valuesTiabie4 were obtained
from a reinforcing plant. The rebar was sheared on the MEP Syntax Lneb&@bcutter

and bender

Table4: 20mm 500E Fracture Samples

Samples Fracture Height Shear Depth Change in
[mm] [mm] Diameter [mm]
Sample 1 13 4 2
Sample 2 14 4 2
Sample 3 14 4 2
Sample 4 14 4 2
Sample 5 13 4 2

FromTable4 andFigure 2.20, it can be deduced that the first evdmattoccurs when the
bl ade is | owered onto the rebar is that

to shear, and the blade travels6 before the rebar fractures.

Figure2.20:20mm 500E Rebar fracture surfac
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2.5 Gearbox types

It can be assumed that shearing and bendibar reill requirea hightorque from the
electric motor. However, finding a battery powered motor that produces a torque that can
bend or shear rebar without the néada gearbox would be unlikebA batterypowered
electric motor can only produce a ligit amount of torque at high spetdys,a gearbox
would berequired to increase the torque output and to produce a more reasonable

operating output speed.

After selecting the motor, a gearbox was required to reduce the output espobtxl
magnify the togque output of the motor. The most common gearboxes that were found
were worm and planetary gearboxes, with numerous manufacturers offering a variety of

sizes, gear ratios, and torque capacities.

Worm gearboxes are quite simiiee gearbox consists oflarm gear and worngFigure
2.21). It provides lownoise operationf can accommodate a large reduction ratio,iand

is relatively easy to maintain.

Figure2.21:/ dzi +F ¢l & RAFINIY 2F g2N¥ 3ISI N

However, the worm gearboxes are not without their limitations. As the reduction ratio
increases so desthe volume of the gearbpmaking the gearboxnmanageable to hqld

and the efficiency of the gearbox is comparatively low at higher reductions (300:1
efficiency roughly at 79%, and 5:1 efficiencyaigproximately90%). The low efficiency

is partly due to the increase in helix anghes the helix angle increasele contact area
also increases between the woand the worm geawhich creates digheramount of

friction.
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Planetary gearboxes are another commonly used geaffitese gearbas can
accommodate large reduction ratidsgy aresmaller compared to worm gearboxes (at
high reduction ratigsandhave minimal noise during use. However, planetary gearboxes
aresignificantlycomplex,(Figure 2.22).

Figure2.22:Single stage planetary gearbox eway Rohloff n.d.)

The efficiency of plan@ry gearboxess higher than that of the worm gearbox, depending
on thenumberof stages thtgearbox has (97% efficiency at single stage 88% efficiency
at third stage). According to Pinho Silva Dias da Costa (2@tftgiencydepends on the
number of msh points between the sun ahe ring gears, the frictiorin the bearings,

thelubrication used, and the operating speed of the gearbox.

With higher reduction ratios, planetary gearboxes require implementation of additional
stages (consisting of planetchsun gears as shownhkigure 2.22) to the existing stage.

The standarchumberof stages founth commercially available planetary gearboxes are
three With extra stages addgtie gearbox can become largspecially with higkitorque

output requirements

Cycloidal gearboxes (also known as cycloidal drives) give high reductions with similar
efficiencies of a planetary gearb@ccording to Darali (2012a cycloidal drive gearbox
with a single stagis 93% efficientand a twestage 86% efficient). The/cloidal gearbox

has the advantage bavingmore thartwo teeth engagwith the ringgear at anygiven

time (Figure 2.24), mearng that the gearbox has higher load capabilities. The cycloidal
gearbox also allows for much higher reduction ratios than f@lgnand worm gearboxes

without increasing its volume drastically; according to Sumitomo (2018), its reduction
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rati o ranges between A3:1 to 119:1 (sing
8041: 1 t o 658503: 1 (third oxesaltpee) their Ho
disadvantages, for instant¢keycannot be backriven, and at high rotational velocities

vibrationcould becomean issuedue to the eccentric cyclatidiscs.

Figure2.23: Exploded diagram of cycloidal gearbox (Gorla, et al., 2008)

Figure2.24: Anatomy of cycloidl 3 S Nb 2 E 6 & h LJA y A 2018

With the advantages of high reduction ratios, ffltiency, compactness, and high load
capacity; the cycloidal gearbox is the most suitable gearbox for this application. A further

improvement has been made to the-stagecycloidal gearbox, minimising the number
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moving of partsand thusreducing theverall weight of the gearbox. In a traditional two

stage cycloidal gearbox, four cyclaidliscs would be required as showrfFigure 2.25,

but in the new desigronly two cycloidal discsare requiredFigure 2.26). The main
difference is that in a trattbnal cycloichl gearbox the output shaft is driven by the
cycloidal discs, whé in the new desigrthe roles have been changed. Bkreond stage
cycloidal disc now drivethe second stage rimggar which islsothe output shaftFigure

2.27 and2.28). The new twestage cycloidlg e ar box has fAsignificar
the one stage cycloidal speed redud¢aving fewer rollerscould have substantial
advantages in lowering the required streiseani ncr ease of t)jpoe r ol

(Blagojevic,Marjanovic, Djordjevic, Stojanovic, and Disic, 2011).

Figure2.25: The old dseign of a 2stage cycloidal gearbox1) Input shaft, (2) First stage cycloidal disc
(3) First stage ring gear, (4) First stage output, (5) Input shaft of second stage, (6) Second stage
disc, (7) Second stage ring gear, (8) Second stage o@iagiojevic, Marjanovic, Djordjevic, Stojanov
and Disic, 2011).



Figure2.26: Anatomy of new two stage cycl@tdrive. (1) Input shaft, (2) first stage
cycloial disc, (3) first stage ringear, (4) central disc, (5) second stage cyelaic,
(6) second stage ringear(Blagojevic, Marjanovic, Djordjevic, Stojanovic, and Disic

Ring gear pins

o 9

Central disc
pins

Figure2.27: Force exerted on cycla@ildisc tooth by ringgear. Which then exerts force ot
the central disc pind.he gcloical disc is rotating clockwisas ndicated by the blue arron

22



Figure2.28: The central disc pins now drive the second stage cytihist,
which in turn drives the second stage rgegpr

23
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2.6 Electric Motors

The client has specified that the tool is to be powered by a cordless drill batéigting
thedesign taa choice betweeabrushand brushless electric motors. As with any portable
powertooJt he aim is to try and nkromthiseasaing he t
it was decided that drushedi pancakeod motor wi || be wus
considerablythinner than a conventional motdnowever, the tradeff is that the
diameter of the motads quite large A brushed electrienotor does not require eotor
controller(unlike a brushless motowhich simplifiesthe circuitry of the power t.

Figure229:. NdzZA KSR 5/ LI yOIF 1S Y2{2NJ ¢
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2.7 Hydraulic Transmission

An alternative option to an electric motor and gearbox is a hydraulic transmission. A

hydraulic transmission consists of an electric motor, reservoir, pump and adtiguoe (
2.30).

Motor

Reservoir
and battery

Figure2.30: Hydraulic transmission schematic

The fundametal working principle is the electric motor pumping the fluid from the
reservoir tank to the actuatokinear and rotary hydraulic actuators are commonly
available and come in a variety of different designs for different applicatirons]er to
explain, a simplified schematiof both rotary and linear actuatossll be used(Figure
2.31and2.32).

Figure2.31: Single acting hydraulic actuator (Gonzalez, 2015)
The linear actuator corsen two forms, either it has a spring retractiontdrasa fluid
retraction A linear actuator witlwo power strokes nagsthat the hydraulic fluid is both
used to extend and retract the piston rod. While the sawjieg actuator only has
hydraulic fluid pumped in on one side of the piston, it then relies on a return spring to
retract the piston rod’he doubleacting lnear actuator would be useful only if there is
loading on boththe extension and retraction phase of the actudtoe. rotary actuator
works on a similar principleo the fluid returninear actuatorKigure 2.32).
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Figure2.32: Hydraulic rotary actuator (Hydraulic Actuators, 200!
The hydraulic fludispumge 1 nt o the actuatords chambe
then pusheshe arm around its shaft. By pushing the arm around it also forces the
unpressurised hydraulic fluid (indicated in blue) back into the reservoirltankder b
reverse the motion dhe actuator, the hydraulic fluid will need to be pumped into the

fluid-out port.

2.8 End User Input

As part of the design process, input fridm end user® assist in the desigyf this tool

is most importantln order b obtain their opiniongnd eyeriencea questionnairgvas
sent out to construction companies across New ZedBsidre thequestionnairesould

be distributedan ethics approval was requiredAUT Ethics Committee Approval
AUTEC 17/259. This is to assure that the questionnaire dae fair and without bias
as well as to make sure that the questionwaingld respect the culture and backgrounds
of the people who were to answer theg@ippendices Eand F). From the feedback
gatheredit was found that the weigbulk of the tool is oe of themain issuess the tool
will be carried everywhere on sifEhe most common grade of rebar used is 804 the
diameters range between idni 40 mm, the most used angles are 4&d 90° and the
rebar are not cut or bent when embedded in conceger 100 rebarwill be bent a day
which, however is entirely dependent on the size of the construction Bitean be
assumed that this tool will be exposed to the harshest conditions of dust, mud, water, low
maintenance, andeavyduty wear and tea
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Observing construction workers bending rebar using the linear bending method, showed
that it had a major drawback. As the rebar was being bergotistruction workewould

bend down with the rebdFigure 2.33); this will be a problem if space isrited and the

bend angle is 90° or greater. It also poses an ergornissuieas the user would have to
kneel at arunfavourableangle to remove the bender once the desired angle is achieved.
Gripping the tool whet in use is also inconvenient, althougle thser would not have to

bear the weight of the tool'hey too would have to move with the tool ageinds in

order to operate itHowever according to W. Rowlandgersonal communication, 29
January 2017), from the Ministry of Business, Innovatamd Employment,bending

rebar partially embedded in concrete is generally not allowed unless an engineer
approvesThe rebar being bent in this cag®uld bdar enoughawayfrom the concrete

to minimise therisk of damaging the concrete during the process.

It has been observed thatah piece of rebar is first cut and bent to shape before being
placed in its appropriatecationin the foundationsRebar is gually bent and cut on the
ground, but it must be noted that the people observed were using marawdberders

and circular saws.

v
7 4
7

Figure2.33: Linear rebar bending of partially embedded rebar

2.9ResearclkConclusion

Conducting thigesearcthasdefined what is neededegardinguser interaction, what the
New Zealand construction standards require, and the possible methods that metals can be
shaped andut. The research conducted in this chapter will be usekeiconceptual

design generation, concept development, and the first principles analysis.
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3 DesignConcepts and Evaluation

Utilising the research obtained@hapter2, this sectioncontains temassibleconceptual
designs thatebar can be cut and bemhesdenconceptual designs will then be evaluated
against the client specifications, the end user experi@ase of cutting and bending)
safety cost of consumable parts, aheé predicted @mplexity of the internal mechanism.
The scores will be between 1 and 5; with 1 being undesirable, andesirableThe
chosen conceptual design will then be further developed in the following chBipeer.
concepts will be grouped into five categori@séd on their cutting/shearing and bending

combinations.

3.1 Categoryl: Rotational Cuttingand Linear Bending

3.1.1Conceptl.1

Conceptl.1 (Figure 3.1) employs the linear method of bending. The method of cutting
employs the use of a cutting disemilar to that of a 3inch handheld grinder. It was
realised that the sparks generated from the grinding disc could pose a fire hazard and that
the construction site would have to lodge an application with (CH¢rational Safety

and Health¥or the power tooto be used. However, spaiss cutting discs are available

for purchase from the United States. From the feedback gained from the questionnaires,
using a cutting disc on rebar would be slow, but it would provide a finish that is flush

with the surfaceFor this concept, the rebar will have to be secured or held down during

cutting.
Cutting disc
Bending actuator
Handle
p Forming pin
)
/
“
b \
= / A)
Rebar

Figure 31: Conceptl.1
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3.1.2Conceptl.2

Rebar cutting is achieved by a sp#ks cutting disevhich gradually moves down at a
set speedRebar bent byhis concept isbest suited being operated on theround.
However, it is possible to bend rebar that has been partially embedded in cbotrete
will be somedifficulty in operating the toglas outlined irSection 2.8Cutting partially
embedded rebar would lest suited for this concemtherwise the rebar will have to

beheld with one hand to stop it from moving.

Cutting disc
Rebar moves up and
down

Rebar bending

actuator
moves up and | Bending
down OJ support posts

Figure3.2: Conceptl.2

3.1.3 Evaluation of Cateqory 1

Table5: Category 1 evaluation table

Concept Safety Ease of Ease of Cost of Total
Cutting Bending | Consumables
1.1 3 2 4 5 12
1.2 4 3 3 5 14

Concept 1.2 was ranked as the better concept from the two in this caldgobending
function on both tools are on different planes to the cutting funetfooh mitigates the

risk of accidentally cutting rebar or vice versa.

Concept 1.1 pnades a handle that allows rebar in different orientations to be bent more
comfortably compared to Concept ]1tBereforea score of 4 was awarded to Concept
1.1 in terms of ease of bendirigegardingunning costsboth concepts usedasposable
cutting disc so an equal score of 5 was awardedwever, cuttingboth loose and

embeddedebar on Concept 1.2 is easier than on Concept 1.1; as Concept 1.2 has a jaw
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to keep the rebar in pladeue to the protective jaw dboncept 1.2ahighersafetyscore
of 4 was given compared tooncept 11. The jawprovides a guard in front ofi¢ cutting
disc, which mitigates the possiblei sk of i njury to the end

parts.

3.2 Category 2Saw Cuttingand Rotary Bending

3.2.1Concept2.1

Concept2.1 (Figure 33) cuts rebar via an oscillating blade. This method of cutting is
suitable for cutting through metals, wood, tiles, ceramics, and plastics, and is found on
small haneheld powertools, used for small jobs around the home, so its effectivéness
unproven in an industrial environment. Tgr@naryconcern of this method is the amount

of time it takes to cut through a 2@m rebar and the vibration of the tool. The vibration

of the tool could cause discomfort to the user with prolonged use. @ntikeular blade

or a grinding disc, the oscillating blades do not produce any sparks when cutting metallic

materials.

Bending arm
Oscillating blade

Forming pin

Rebar bender support

Figure3.3:ConcepR.1
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3.2.2Concept2.2

Concep2.20s met hod for cutting r eba-sawfgiguresi mi |
3.4). Thisconcept is designed so that the rebar is cut on the ground with the user pushing
down on the handle. As pressure is exerted on the handle, the oscillating blade moves
down and cuts through the rebar. This concept eliminates the user from having to carry
the power tool whé operating it. However, the drawback is that the rebar can only be cut
whileit is not set in concrete or in a horizontal position. Bending is pagd by standard

radial bending andloes not require any actuation of the handle to ¢@ehe bending

function. The bending function is operated by a toggle switch on the side of the tool.

'\ Handle to
lower cutting
blade ’

- : Rebar stopper ST, oo
‘\
/ Bending arm

Rebar \ Cuttin

1
bending ,_U gbl d
ek jigsaw blade

Raised position Lowered position

Figure3.4: ConcepR2.2
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3.2.4 Evaluation of Category 2

Table6: Evaluation of category 2

Concept Safety Ease of Ease of Cost of Total
Cutting Bending | Consumables
2.1 5 2 5 2 14
2.2 3 3 5 4 15

Concept 2.2 has been ranked as the better concept from the two concepts in category 2.
Concept 2.1 useslagh-speedoscillating bladgfaster than that of a jigsaw bladépt

could cause discomfort from prolonged usenpared to Concept 2diieto its vibration

a score of 2 was awarded in the ease of cutting catggongept 2.2 was awardadcore

of 3 in the same categorywith an oscillating jigsaw bladas it also poses a vibration
problem.However, Concept 2.2lalvs the user to cut loose rebar greater accurately; as

the blade is pressed down on the rebar it would also hold it in place.

Concept 2.1 is fasafer compared to Concept 2lis is because the oscillating blade on
this tool is designed not to pend&akin if accidental contact is madbus receiving a

score of egardingsafety

Both conceptual designs share the rotary method of bending, and bothar¢heosame

plane as the cutting function. Therefore, batheepts have an equal score of 5

However, the most significantfactor between the two concepis the cost of a
replacement blageccording to Mitre 10 (2018he oscillating bladeosts in the region
of 70 NewZealand Dollars (NZD)ompared to the standard jigsaw blaoieghly3 NZD
per black.
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3.3Category 3Linear Sheaand Linear Bending

3.3.1 Concept 3.1

Concept3.1(Figure 35) uses the method of linear bending. Here the bending pin can be
altered for different minimum bend diameters. The shearing mechanism is linked to th
bending mechanism for simplicity, and weight saving measures; however, this would

mean that the shearing blades would operate whenever the user is bending rebar.

Linear rebar

shear
«/

Linear rebar

bending \ \

actuator
Rebar

Rebar before

/ being bent

Cebar /

forming pin ’ \

Figure3.5:ConcepB.1

Rebar bent

This linear method of bending could pose a problem; if the bar is set iretmaad bent
in situ, it would mean that the power tool would bend with the Beyu(e 3.5). This
method of bendingvould make the tool more inconvenient and tiresome to handle,

especially if a significant number of rebars is to be bent.
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3.3.2Concet 3.2

This concept explores the possibility of combining the linear method of bending with
rebar shearing. For shearing to be achidatie bending ram and the forming pin would
need to be exchanged with a shearing blade. However, the limitationeaf iending
have already been highlightedSectiorn2.5.1.

Linear actuator O Interchangeable

J forming pin

vl
/ \ 7 Rebar

Bending attachment

Shearing attachment ____» \

Interchangeable
blade

Figure3.6: ConcepB.2



3.3.4 Evaluation of Category 3

Table7: Evaluation of category 3

Concept Safety Ease of Ease of Cost of Total
Cutting Bending | Consumables
3.1 3 3 5 14
3.2 2 2 5 13

Concept 3L has the highest rank score of thetconcepts in category Regardinghe
scoresfor easeof cutting and bending, conceptl scorechigher (a score of 3was

awarded in both categorjedue totheir lack of loose attachment®mpared to Conpe

35

3.2;allowing the user to switchetween bending arghearing with the least disruption.

Concept 3.2was given ascore dfi n

ability to remove theblade attachmenwhen thetool is not in useConcepts 3.1 as

t er ms

safety;

t he

awarced a score 08 due to the blades being constantly expoBeth concepts scored

the same in terms of cost as they all have the same shearing blades.
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3.4 Category 4Rotational Shearingnd Rotary Bending

3.41 Concept 41

Clamp/blade
‘.-/ p

Rebar / Bending arm
.
/ -
Forming ’

wheel/blade ol

Figure3.7:Concept.1

Conceptd.1, (Figure 3.7), eliminates the need to remove or exchange paxsdier for
shearing to be prmed The forming wheel and the bending arm will have the ability

to move independently of each other. The forming wheel has an attalettkivhich

rotates to shear the rebd@he clamps holding the rebar in place for bending will also act

as shearing blades. When the user wishes to shear the rebar, the forming wheel will rotate

in a clockwise direction and shear the rebar.

3.42 Concept £

Concept4.2 uses the same radial method of bending as the previous concept. In this
concepthowever, the bending arm that also acts as a shearing blade. The rebar is placed
in the slot Figure 3.8), and the arm rotates around and forces the rebagaupsa the end

of the slot. For different rebar diameters, the forming wheel will have to be removed and

changed with the minimum bending diameter that corresponds with the rebar diameter.

Shearing

jaw

Rebar
Bending
arm/Blade

Bending
wheel

"

Figure3.8: Concept.2

3.4.5 Evaluation of Cateqory 4




Table8: Evaluation of caggory 4

Concept Safety Ease of Ease of Cost of Total
sheaiing Bending | Consumables
4.1 3 2 3 2 10
4.2 3 5 5 2 13

From thetwo concepts in category 4, Concept 4.3 is the highest ranked coGoepept

4.3 separates the shearing and bending functiotigatimg the risk of an accidental bend
or shear of the rebaor vice versaTherefore, it scores higher than Conceptrddarding
ease of shearing and bendingdnere both shearing, and bendisdone in the same plane.
The shearing functionf Concept4.2is only awarded a score of 2; as feeding the rebar

into the tool would be cumbersome.

Concept 4.2 also presents a complex mechamisiie forming wheel (also acting as the
blade) shares the same shaft as the bendingTdrenmechanism would be congated

as both these components move independently of each Bdtkiconcepts were scored
low (a score of 2 eacli terms of cost due to the neddcastommade blades.

Regarding the safety of the twonceptspoth have scored the same as the bendidg a
shearing functions of both these concepts are exgosedling an equal amount of risk

for injury to the end user.
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3.5 Categorys: Rotational Shearingnd Rotary Bending

3.5.1 Concepts.1

—
Bending arm
Blades

“-

Blade

movement | Rebar
O Forming wheel
NG

Rebar bender support

Figure3.9: Concept 5.1

Conceptb.1 (Figure 3.9), does not combm the shearing and bending functions, this
allows that rebar to be bent and sheared in a different plane. This layout reduces the risk
of the user accidentally shearing the rebar when it needs to be bent and vice versa.
However, the downfall of the conceaptthat it may require two separate mechanisms for

bending and shearing, although such mechanisms wouslicnipée.
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The rebar is placed between the two bending pins and is guided by the two support pins

that are fixed to the bgd The two bending pins are fixed on a turntable, as the turntable

turns the rebar is bent. For the minimum bend diameter to be met, the bending pin that

forms the diameter on the rebar can be changed when required. Shearing is performed by

one of the bendg pins that doubles as a cutter. The rebar is placed in the jaw of the

bending pin, and when the jaw moves down into the turntable, the rebar is cut. However,

this method will create two shearing planes on the rebar, meaning thatar wofl

becomeddged in the jaw of the cutter. This could pose as a potential problem as the off

cut could jam the cutter.

Rebar supports

Forming
pin/Rebar
shearer

L

\

Rebar —— (&3

e

*— _ Turntable Forming pin/Rebar
- shearer directions
of movement
Figure3.10:Concepb.2
3.5.3 Category 5 Evaluation
Table9 Evaluation of category 5
Concept Safety Ease of Ease of Cost of Total
cutting bending consumables
5.1 3 4 4 4 15
5.2 2 3 3 2 10
Concept 5l has achieved the highest score in categoftémtle user 6 s

per sy

istheeasiest to use, amtchasthe least rislof accidently bending aghearinghe rebar as

thesefunctions are in different planeSherefore, a score of 4 was awarded for ease of

bending and dting. Regarding the safety ofo@cept 5.1, it was awarded a score of 3 as

the cutting jaw is constantly exposethich increases the risk of injurfs for running

costs & Concept 5.1, it was aawded a score of 4 as it uses shearing blades which are

cheaper than other blades such as jigsaw blades, circular saw blades, etc.
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Concept 2 combinesthe shearing and bendifignctions inthe same single plane, which
creatsthe risk of accidentally shaag therebar when it needs to be bent (or vice versa).
However, thisconfiguration would allow rebar to cut and bent withowbrentating the
rebar.Due to the risk of ecidental bending or shearingpept 5.2 is awardea score

of 3 for ease of cuttig and bendingn regard tcsafety,Concept 5.3vas awarded a score

of 2, this isbecausehte rebais pulled into the tool during the bending proceshjch

could cause injury to the user if their kdanarein contact with the rebar. It would also

mean hat the tool will move during bending if the rebar was attached to a structure.
Concept 5.2 also scored a 2 regarding cost of consumables, as custom blades would have

to be manufactured.

3.6 Concept Evaluation

Each of thdive conceptdrom the previousive categoriesvill be evaluated based on the
predicted complexity of the internal mechanism, aleht specificationsspecifically,
regarding bending and cuttinhe speiications arethat the toomust be able to bend

20 mm rebar 180in 15 secondand cut rebar in 10 second$ie concepts thatanmeet

the cliend specifications will receive a score of 5, if the concept is unable to, it will
receive a score of The predicted complexity of the mechanism is ranked between 1 to

5; 1 being complex,ral 5 being simple.

It is expected that concepts that cut rebar using a cutting disc or sawing motion will
require more than 10 seconds to campared to shearin@ending will be judged on
whether the concept is able to baaldrebarsizes180° without prior adjustment to the

tool. Linear rebar benders may not be able to achieveathtbhie bend angle range would
depend on the diameter of reptiretravel of bending actuat@nd the width of the post

on either side of the actuatdrerefore, not all tear sizes would be able to be bent 180°

with a linear bender

Tablel0: Concept evaluation table client specifications

Concept Bendingrebar Cutting 20 Complexity Total
180° mm rebar in
10 seconds
1.2 1 1 2 4
2.2 5 1 2 8
31 1 5 5 11
42 5 5 3 13
5.1 5 5 5 15
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Concept5.1 mees the cliend specificationsand may provide théeast complicated
internal mechanisno drive the shearing and bending functions; therefore, it was given a
score of 5 regarding complexitgoncept 3.1 is one oi¢ simpler designs, using both a
linear bend and a shear; both functions could be driven from the one actuator, but

unfortunately it does not meet the client specificatiorth®@bending rebar 180°.

The concepts that have a cutting disc (Concepts 1.2 a)dwvill require a higkspeed
motor for the discs to cuthrough rebarThe disc also needs to bevered and raised
during cutting As it is most favouaible to have one electric motarmechanism will need

to be designed to accommodate the movemerteobtadesand still maintain contact
with the motor therefore, botltoncepts scored 2 regarding complexity. Botbf these
concepts only scored 1 in terms of cutting rebar in 10 seconds, as it is believad that
batterypoweled tool will require more tha 10 seconds to cut through the entire cross
section of a 20 mm rebar.

Concept £ would most likelyrequire awo-speedyearboxfor bending to bgerformed

safely and within the provided poweutput of the batteryoperated motor(it is
reasonable to assie that bending 20 mm rebar will requiresignificantamount of
torque). Therefore, it was awarded score of 3, as a twepeed gearbox would be
complicated to design. It also means that there is a risk that the user will forget to switch

to the appropéte speeds for either shearing or bendivigich could damage the tool.

3.7 Conceptual Desigfonclusion

From theten conceptual designsvaluatedn Table 10, Concept5.1is chosenlin this
conceptthe rebar is bent and sheared in two different locatiartbe toomitigating the

risk of accidentally bending when shearing is required (or vice vétaging the bending

and shearing functions separateduld allow the bending and shearing functions to
operate at their respective speeds without the ned¢d/migearboxes or &wo-speed
gearbox These speeds are necessary so that the power remains low enough for the tool
to be batteryoperatedas it is reasonable to assume that a large shear force and torque
will be required to shear and bend 20 mm rebar.

This concept also uses the radial bending method which allows the user to estimate the
bend angle of the rebar efficiently. Having a shearing blade, it will cost less to replace
compared to grinding or circular saw blades options presents. With thesdafisties,

it was deemed to be the most suitable concept for further development.
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4 Concept Development

From the previous chapteConcepts.1was chosen for further developmenhis rebar

bender and cutter will most certayrtbe over the mass of 1kg (the ideal mass for single

hand operation), and it may H#ficult to handle due to the mass distribution of the tool.
Therefore, the ergonomics of the bender and cutter must be considered and incorporated
into the final designHowever, this conceptevelopment is not limited to the ergonomics

of the too] but also the embodiment of the shearing, bendimginternalmechanism

and the method in which the mechanism will be driven will also be defined in this chapter

4.1 Ergonomics

With the high Iads that will be applied to this tool, it is foreseeable that the tool will
require a significant amount of material and therefore would have a high rhasseifht

of the rebar bender and cutter will require the tool to be opeoatéite groundandthe

rebar will need to be brought to the tool to be trimmed or bent. As for moving the tool
around the construction site, it will require the person to lift the tooi fyelow the waist

if the toolweighs around 25 kgKigure 4.1); if the tool mass exceedse 25 kg limif it

will require a tweperson lift.

Figure4.1:Lifting and lowering weights (Warren, 2016
Two handlesrelocated on each side of the toBldure 4.2). The diameter of the handles

on the toowill need tobe betwee®0-50mm and a handl e 110e60n gnimo
(Hand Tool Egonomics 2018)is needed to provide adequate room for the hahd

material of the handle will need to be made of silicon to give the user a comfortable grip

on the tool.
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handles

Figure4.2: Schematic showing handles located on either side
The placement of the handl@sgure 42) will allow the bulk of the tol to be close to
the personbés body, which will allow the
to having the handles mounted on titber two sides of the tool. The handles in this
orientation will also allow the tool to be carribg two pe@le without beingtoo closeto

one another.

4.2 Hydraulics versus Mechanical

Before designing the internal mechanism and the layout of the rebar cutter and bender, a
choice had to be made between using a mechanical or a hydraulic transmission. The
advantges and disadvantages of each systemewonsidered.

Hydraulic transmissionallow greater freedom in terms @fnctional designas it does
not require a mechanical pathwawylike a geatrain where the mechanism dictates the
location of the tool's furtions The system also Baa higher efficiency aopared to a
geared transmissiohpwever, this is onlyrueif the geared transmission is comphad
contains a larg@umberof gears. The hydraulic transmission providéspless speed

control which woull be useful when trying to bend accurately.

However, hydraulics does come with its limitatidhe first being the cos hydraulic

power pack (electric motor, pumpontrol valvesand tank)would costat least$1500
(Hyspecs, personal communicationndary 3, 2018)A hydraulic power tool would
require maintenance over time, but unlike a geared sy#teaquires somé&aining For
instance, if the hydraulic oil requires changing, the system would need to be bled to
remove airAccording to Casey2017), the main drawback with hydraulics is that the

surrounding temperature and the temperature generated by the tool affects the
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performanceAs the temperature risgthe viscosity of the oil will decreasieadng to a
reduction in pressurds the tools most likely to cut several hundred pieces of rglear
day(depenthg on the size of the building} will generate a lot of heameaningtiwould
need a coetlown period.Waiting for the tool to cool dowmould mean that the
efficiency of the site wold decrease whighn turn, increases the running costs for the

company.

The second option is a mechanical gearbox. Unlike a hydraulic sysieteamperature
does not affect its performandes efficiency however is dictated by the complexity of
the mechanism A mechanical system would s@ipplications whee a constant speed is
required. The maintenance ofa gearbox is mucksimpler compared toa hydraulic
transmission as it would only require greasing of moving pahis maintenance could
be perforned anywhere unlike hydraulicsvhere it would require acontrolled
environment fee of dust, dirt, and other contamitts The only major drawback of using

a gearbox would be its masiepenthg on the size of the components, and number of

parts.

Comparimg thehydraulic transmission to a mechanical transmisdioa gearbox would

be the better choice asstmore reliable, easy to maintain, and able to work continuously
regardless of the temperature. As for thels mass the mechanical systermay be

similar to that of a hydraulic transmission. Wégpeaking to one of the technicians at
Hyspecs, a power pack would weigh roughlk@jfand an actuator would weigh between

107 14 kg (Hyspecs, personal communication, 3 January 20183. estimate does not
include the tool 6s h duas thegtoolois deadirtg wthran ¢ o m
extremely high amount of forc# can be assumetiatthe components will beelatively

heavy

4.3 BendingFunction

The tool will have one gear traimhere ashearingmechanismwill be driven off the

bendingtransmissiopwhich meanshat the two functions would operate simultaneausly

The internal mechanism determines both the bending arm and cutting jaw lac&sions
partially embedded rebar would most likely notdeat,and that most rebar fgst cutto
sizethen placed in positiomeanghatbendingand cuttingebarwould be performedn

the ground.

As rebar is being bent on the groutite location of the arm is not as criticabwever,

the rotary direction ofhe arm isessentialln order b avoid injuryand inconvenience to
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the end user, the arm will rotate away from the user, thus bending the rebar away from
theused s blrooddgr to svitch between different minimum bending diameters, a screw
will needto be removed which will allow the user to change forming wheels. Each
forming wheel has two diameteisigure 4.3). The wheel will need to be flipped oveer

bend the rebar. Having two diameters per forming wheel minimises the number forming

wheels that eed to be carried or purchased.

Forming
wheel

Retaining

washer
shaft

Retaining
screw

Figure4.3: The forming wheel will be secured with the use of a thumb screw and w
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4 4 Sheaing Mechanism

Several differehideas for driving the cutter were generatélhefirst idea(Figure 4.4)
was to use a cafdriven by the same shatft that drives the bending rishear the t&ar.
It was thought tht the mechanical advantage thfatthe cam night be enough so that a
secondary gearbox would not bequired but the frictional forces due to the rubbing
between theeam bladeand the rebar provei betoo high. Due to the high fational

forceand the resulting additional torque requirehils idea was also dismissed

Cam/blade

FHgure4.4:Cam used as shearing blade, the blue circle represents the

Movement direction

il b
- L

171060 N

Blade
Roller

follower
Figure4.5:Cam and follower system for shearing rebar

Theseconddea was to use a cam and roller follower sysgeigure 4.5); the cam would

be driven off the same shaft that drives the bendingamithe roller follower would be

used to shear the reb&towever,it was found that the contact stress between the roller
and the cam was much too high. Thed idea was to use a crank and slider system, but
this also proved to be impractical as the tergeguirementvas too highThe fourthand

final idea was to combine the cam and follower idea with a linkage system of the crank
and slider mechanisiffrigure 4.6); this would reduce the amount of force acting on the
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cam it would allow the rebar to be slared without the need of a second gearbogit

would maintain a relatively low torque requiremérdm the gearbox

Roller
Linkage AB follower Blade
Linkage BC  Slider
Hinge AB

Housing su 'ﬁ'DE"‘H-q__.___‘

Figure4.6: Combinatiorof linkage system with cam and follower system

The final layout and shape of the tool is determibgdknowing the locations of the
handlesthe power sourcethe motor typeand,the mechanism defined for both shearing
and bendingFigure 4.7). The shape of the housing based on the geometry of the
internal mechanism, user interactiamd the method in which rebar is bent and sheared

A box-shaped housing willlsoallow the tool tohave better stability when rebar is being
bent or sheared.

= m Forward/reverse
e switch Battery
e S Compartment

Housing
Rebar bending

stopper block

Figure4.7:Layout of prototype rebar cutter anbender
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4.5 DevelopmentConclusion

This development phase has concluttedishearing mechanism will bieiven from the
same transmissioas the bending arnit was also decided thahe tool will utilise a
mechanical system as opposed to a hydraulic system dbe ¢perating temperature
limitations. With these decisionshe mechanism and the shape of the final desigre w
developedFigures 4.8 and 4.9, show the placement of thhebar during bending and
shearing respectivelyThe shape and ergonomics of the tool will need to be further
developed through a collaboration with a product designer in future Woekfollowing
chapter will focus on detailing the final design showfigure 4.7.

Force exerted
on rebar by
bending arm

Force on
forming wheel

Force on stopper

"~ Rebar
Figure4.8: Tool bending rebar. Forces exerted on the rebar stopper, forming wheel and betr
arm roller



Shearing
force acting
on rebar

Force acting
on stopper

Reaction force
acting on
cutting head

Figure4.9:Rebar being sheared. Forces are acting on the slider blade,
cutting head, and the stopper
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5 First Principles Analysis

From Chapter 4a final design was developed in which the method of shearing and
bending was defined as well as the mechanism that will be driving these funthens.
analysis performed in thishapterwill involve the simplification ofthe individual
componerg to their basic shapeot determinethe average stress dorce that it will
experience. It will be assumed that forces will be evenly distributed or diwtede
appropriateA Solidworks FEA wil be usedin the following chapterjo determine the
stressesand the part will be modified accordingtyequired This section will only show

the final iteration of the first principle calculatioriBhis chapter will cover materials
selection, the callation of stressesnd forcef the shearing mechanism, housing, and

othertransmission components.

5.1 Materials Selection

5.1.1 Shearing Mechanism and Bending Arm

The slider and linkages will need to be constructed of a materiabwitih yield stess,

as that load would be transmitted throughout the shearing mechanism. Although most of
the stress will be exerted on the blade, the slider, linkages, pins and bushings must be able
to cope with any high stress resulting from the load. It was decide®thsteel would

be suitable for the slideand linkages as it has a high yield strek$.86 GPa. The pins
connecting the linkages will be made of L2 steel, and the bushings that cover the pins will
be made of nickel aluminium bronze (C63000), as tinese=rialscan cope with high

stress applications.

Bending will most likely result in a much lower load compared to shearing. However, the
bending arm would also be subjected to the harsh construction envirokiviitarguch a

harsh environment thigould mean that the material must be corrosion resistant. Stainless

steel with its hights corrosion resistancandalong with its high strength capabilitjés

would be most suitable; cast ASTM A747 stainless steel will be used to construct the

bending arm.
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5.1.2 Forming Wheel, Bending Arm Roller, Blade Insert, Cam and Follower

Theforming wheel, bending arm roller, blade insert, cam, and foll¢Rigures4.8and

5.1) will most likely experience extremely high stresses. The rebar will be pressing
againsthe forming wheel and the bending arm roller, in which only a small contact area
will receive the force exerted by the rebar. The cam pressing down on the follower will
have a similarly small contact area. THertzian stress calculation which waerformed

in order to determine the stresses these four components will experience, which assisted
in selecting a suitable materiale@eSections 5.2,15.2.2and5.4.4). After calculatingthe
stresses, ASSAB PM30 SuperClean steel was chosen for its high yessl .5 GPa
compressive stress). This steel is used in the manufacturing industry for forming

operations.

Follower

Figure 51: Materials selection for cam, follower, and blade insert
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5.1.3 1024:1 Gearbox Components

The materials for the cycloadidiscs were chosen with the knowledge that there will be
contac stress loading from the central disc pins and the pin holes on the eydisicl

As the contact stresses will only have a small area of contact between the two parts, it
was anticipated that a material with a high yield stress would be required.eEhéost

the cycloidl discs will beAlSI 4142 as it haa higher yield stress when hdegated
compared tAISI 4140. The central disc steel will BéSI 4140 steel (which can also be
heattreated to different grades in order to obtain better mechamagaé pies), and a high

yield stress bushing material will be ugedthe pins of the central disc (copper beryllium

Stage one ring 8ear rantra| disc Pins Gearbox lid

A

: e 0
hd

Internal gearbox shaft D.rclmd discs Stage two ring gear

Figure 52: Gearbox components
The stage one ringear, which also acts as the body of the gearbox, will be constructed

of aluminium alloy 5056418. Asmost of the other components of the gearbox are made

of high strength steel, theody and also the stage one ring gedr be made of this

aluminium alloy to save weight.

r,_,_,-""

Ring gear Shaft

-

Figure5.3: Schematic of force acting on second stage ring gea
The second stage rirggar (which Is also the output shatt) drives the bendrm and
will experience a high force exerted from the shearing mechafrigir€ 5.3). With the
anticipated torque to bend and cut the rebar, an aluminium output shaft would be large,
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and a coupling device (connecting the output shaft from the ge&slibe main shaft)

that could withstand both the torque from bending and the force from shearing would
most likely require aignificantamount of space and other components. It would be much
simpler to have the second stage ige@r and the main shaftstar machined as a single

part. 6580 alloy steel will be used for this part, as it has a high yield stress, and is used in

shaft applications.

The materials to be used for the pins (mounted on thegaags to act as teeth) will be
L2 steel (also knownsasilver steel). L2 steel was chosen as it has excellent wear
resistance and high strength and hardness, which is required of the gear teeth. L2 steel

can also be hedteated to improve its mechanical properties if required.

The material for the internahaft of the gearbox was more difficult to select, as the shaft
Is not driving anything (the central disc and two cydcbidiscs spin freely). The shaft
would only act a asupport and to move the cyclaidliscs around the ringear. As the
shaft will have high loads and torque applied from the cyebdiscs and motor; it was
decided to use 6580 alloy steel (the same material as the second staganjras it is
used in shafts and has a high yield stressqdcerringyield stresses will depend ¢ime

diameter).
5.1.4 Housing

The housindFigure4.7) being the largest of all the components, will require the material
to be as lighiveight as possible. The housing also experiences a large amount of stress,
meaningthatthe material will also havi® havehigh strength. Using the CES program
and the material indices for a flat plaaegraph relating yield stress and density was drawn
(Figure 5.4). FromFigure 5.4 it can be seen thamagnesiunalloys have similar yield
stress to aluminium alloys but Wwitnherently lower density. Knowing that the case will
be subjected to the loads from shearing and bending 20 mm thick rebar, EA85RS
magnesium alloy was selected as is e highest yield stress that could be sourced.
Magnesium alloys can be cast uggand castingvhich mears that the housing will be
more rigid compared to a housing made up of multiple comporidrgsragnesium alloy

will need to undergo galvanic anodisingarderto improve itscorrosion resistance
which isessentiabs it will beoperated in a rather harsh construction site environment,

with a high possibility of water exposure from external sources such as rain.
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CFRP, epoxy matnx(\<uopwc) Age-hardening wrought Al-alloys  Titanium alloys /
. Wiought magnesium alloys
| S
Q

GFRP, epoxy matrix (isotropic)

Cast Alalloys

Cast magnesium alloys

Yield strength (elastic limit)*(1/2)

2000
Density (kg/m*3)

Figure5.4:CES EDUPACK yield stress versus density materials graph

5.2 Rebar Shear Force

Knowing thecrosssectionalarea of the circular crossection and using the ultimate
tensile stress frorRigure 2.18; the maximum shear forée 1711 kN (Appendix G1h

The shear force calculated has been checked against e bar cutter manu
of 166.6kN (Cordless 20nm Rebar Cutter Machine (BRC-20b), 2018).This shear

force is for an orthogonal bladEigure 55), in other wordsa flat bladeThelargershear

force of 1711 kN will be used for the rest of the analysis asia more conservative

value. Off-the-shelf bladesand standardbolts will be used so no Solidvorks or first
principles analysis will be performed on thesenponerg. Orthogonal bladeare most

commonly found and will be used on this tool being designed

Figure5.5:wS o6 I NJ o foll R$a f & RBSA € X



55
5.3 RebarPlasticBendingMoment

To calculate the required bending fotcedeformrebarpermanentlythe plastic bending
moment,0 , must first be determined. A formula for calculatitig plastic bending

moment igderived for a circular crossection Equation 53.1 (seeAppendix G#).

obi Q& %)cb G vd B @

; (53.1)

[0
Using30 mm (minimum bend radius plus the maximum distance from the neutratioaxis
the edge othe 20 mmrebar)as theradius of curvaturandthe yield stress of the rebar
(600 MPa) from Figure 2.18. These valuesan then be substituted inEmuaion 53.1,

which gives a plastic bending moment of 80t (seeAppendix G18@or calculation}.

5.3.1 Contact Stress of Bending Arm and Forming Wheel

Bending arm roller

contact stress —_
location
+ Rebar
Forming wheel
+——— contact stress
Rebar stopper

location

Figure5.68:Locations of contact stresses between rebar forming wheel ¢
bending arm roller

As the rebar I1s bent, étorming wheel will have a large force exerted osédtion 5.1
The contact area between the rebar and forming wheel is expected to be small; therefore,
the contact stress between the two bodies will be high. The forming wheelamndan

be assumetb be two perpendicular cylinderSigure 5.7).
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Figure5.7: Contact stress between two cylinders perpendicular orientation (IHS EQEEL
The material properties of the rebar and forming wheel aheady known.For the
forming wheel and roller on the bending al'§SAB PM 30 SuperClean steel will be
used as these componentt experience high stressessing the Hertzian Contact stress
theory,and the physical and material properties of rebar and the forming \atweitact

stress of 2.47 GPa is calculated (8ppendix G3or calculations).

The contact stress between thebarand the roller on the bending arm catso be

calculated using Hertzian Contact Stress theoRrom the material and physical
properties of the rebar and bending arm rptlee Hertzian contact stresscalculated to
be 2.02 GPal'he contact stress high, but this is expected as theresggaificant amount
of force acting on a smationtactarea between the rebar and the bending arm (sker

Appendix @& for calculation$.

54 Bending Arm Stresses

Knowing that the bending momernb deform the ebar plasticallyis 800 Nm,and the
length between the contact points of the forming wheel and the bending armtheller,
force required to achieve this can be calculatede 5332.9 NseeAppendix G141
Figure 5.7 illustrates how the rebar will be e From Figure 5.9, a beam diagram can

be drawn to show theeaction forcesf the forming wheel and the bending arm roller



— Bending arm roller

Rebar \ =

Supported by stopper

Forming wheel j_,

Figure5.8: Diagram of rebar being bent

F=53329N
M =800 Nm

R; = Stopper Rg = Forming wheel
Ra R
| | |

| | |
195 mm 150 mm

Figure 5.9Beam diagram depicting loads on the rebar

The force requiredo bend the rebar isalculated to bé&.3 KN. Knowing the required

57

force to bendhe rebar the reaction forces from the forming wheek)Rnd the rebar

stopper (R) are determined to Hes = 135 kN and R =-8.2 kN (seeAppendix G141
Knowing the forces acting on the formingtheel, bending arm, and rebar stoppé¢he

stresses can now balculatedfor each of these componenis order to alculat the

stress experienced by the bending armathas first simplified to resemble a cantilever

beam(Figure 5.10 as this will give a more conservative stress value

| 175 mm |
I |

40 mm

N\

5333 N

Figure 5.10Bending arm with simplified cantilever



58

The bending ian will be constructed afast ASTM Ar47 steel as mentioned previously
in Section5.1.1 Knowing thelength between thbending arm rollerthe centre of the
shaft,and he force required to bend the relgivesa bending stress of 350 MPEhe
bending stress iswer than the allowable stress of ASTM A747 (446 MPa).

Due to the force bending the rebar, the bending ailinalso most likely experience

torsional sheastresqFigure 5.117).

Yy

a=40 mm

!
b=10 mm 5332.9N

Hgure 5.11Force acting on bending arm roller
Usingthe dimensions of the cantilever beand the toque geneated by the force on the
roller supportthetorsionalshear stress can be calculatetlich yieldsa shear stressf
119 MPa. Comparing this value to the allowable shear stfe$s ¢ ¢ &0 0 ¢ihe

arm will not shear due to twisting when unttead (seé\ppendix G4.2 for calculation).

55 Powertrain

5.5.1 Drive Shaftand ComponentSesign

The first step in designing the shaftagletermire the length of the shaffhis is achieved

by usingthe dimensions of the cas&egction 5.6.), gearba and motor It is also
important to note that only either bendinggireaing of the rebaiis ever performed at
any given time. The bending momestexperienced by the shaftie to sheamng and
bendingthe rebamill have to be determined order todesign the shaftAssumingthere

is a uniformly-distributed loadn thebore of thegearboxid and the shaft support of the
housing the length of the shaft is taken between half the thicknegearboxlid and
shaft support of the housin8tarting with thdorces acting on the shaft created when the
tool is shearindFigure5.12), thereaction forcesireFa = 30.3 kN and i = 32.6 kN (see
Appendix @).
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GXI3Z24 N

14575 mam

Figure5.12:Loading of drive shaft when rebar is being sheared

The forces acting on the shaft created when the taaeas folbendings shown inFigure
5.13 The calculation of theeaction forces k(-4.4 kN), Fgs (23.3 kN), bending moment
and shearing diagram canfoendin Appendix @.1.

53329 M 135375N

Fa : Fe ' 15 mm

- e A
145. 7% mm 23.25 mm

Figure5.13:Loading of drive shaft when rebar is being bent

In order b designthe shaft the shaftdesign standaréS14031985 will be usedsee
Appendix G2.2 The drive shaft will be constructed of 6580 steklaving taken into
consideratiorthe factor of safetpf 1.5, stress concentrations, bending moments, torque,
and ultimate tensile streghe diameter of section AB of thieive shaft is 64 mngFigure

5.14). However the diameter will need to be increased to 66 mm for the cam to maintain

contact with the follower on the shearing mechanism.

Section BCof the shaft Figure 5.14) has two stress raisers, a spliand a stepkor this
section of the shafthe larger beding momenbf 649.71Nm (seeAppendix G2 Lwill
be usedwhich will provide a larger support for the forming whééie final diameter of
this section othe shaft is 45 mmvhich will be roundedup to 50 mm.

Keyway Spline

- AD L BC L

Figure 5.14Drive shaft that operates both bending and shearing functions of the tool. Also, part of s
stage ringgear.
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The keyway on section AB of the shaftthe nexffeatureto be designeseeAppendix
G2.3. Fromthe keyway chart from standard BS4500, a key size can be deteifnoimed
the diameter of the shaffhe dimensiors of the keyareused to determinthe bearing
and shear stressaadselect the raterial for the keyThe main bodyof the keywill be
the same lengthsthe cam.The ends of th&ey and th&keyway will be roundeas this

would make machining easier.

The bearingstress due to the foraxertedon the side of thekeyway (Figure 5.16) is
indicated in red ifrigure 5.15 The depth of the key in the shaft is 7.5 mm, and the length
of the cam is 50 mnwhich definesthe bearing aredhe force(8.5kN) acting on the key
and shaft are calculateding theorqueof 280.14 Nmand the radiusfdhe shaft.

8489.1 N

Figure5.15:Beaing stress exerted on wall ¢ Figure5.16:Forcefrom shaft torque
shaft and key acting on key

The key will be made of 1018 carbon ste)18 steel has a yield stress of 530 MPa
applying the factor of safety (1.5he allowable stress is 353.3 MRad the allowable
shear stress is 176.6 MPihe bearing stredsetweentte key andhe shaft is 21.4 MPa
(seeAppendix G2.Bwhich islower than theyield stress 0fl018 steel used on the key
The shear stress experienced by the key needs to be determamsaditat falls below
the allowable shear stress. The shear iaiaated in reds shown inFigure 5.17.
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Figure5.17:Shear plane of the kegn the surface of the
The width of the key is 20 mnand the lengtlis 50 mm. These dimensions provide the

shear areglocatedon the surface of the shait) which the shear stressfsundto be
8.48 MPa. This shear streissbelow the allowable shear stressl618 steel ¢ = 1766
MPa). The bearing stress between the cam tliekey wall alsoneeds to be checked
(Figure 5.18. The depth of the key in the cam is 4.9 mandthe length of contact
between the key and cam568 mm as mentioned previously.

Vi
Figure5.18:Bearing aredindicated by the red box)f cam and key wall

The bearing stress on the cam is 34.6 MR@aning that the bearing stress on the cam

and key are below the allowable stress of both materials.

The spline that drives the bending arm is the final part ofliadtto be designedsee
Appendix G214 Aninvolutesplinecentred to the diameter of the shédigure 5.19 will

be utilisedfor this shaft Splines ar&commonly used ishafs where axial movemens
required. However, in thiscenarigthis isnot requireglin orderto createa tighter fitfor

thesplines ottheshaft and bending ar(figure 5.19, the clearancwill be removed
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Figure5.19:Spline centred to diameter (Beardmore, 2013)

Root radius

\

Major tooth height I /

........................ - Pitch line
0.5mm
Minor tooth height

Figue 5.20:Dimensioning system of the spline

The modulg(7.12)is determinedby using a spline with 8 teeth and a pressure angle of
30°. With the modulethe root radiusminor, andmajor tooth height are calculated to be
2 mm,5.4 mm and 3.6 mm respectively. However, this would gite¢adtooth height of

9 mm leaving 1 mm protruding over section AB of the shidfe decision was made
reduce the tooth Ight to 8 mm to mitigate the risk of stress concentrations occurring.
The same dimensions for this spline will be used on the bendindgraonder b calculate
the stress experienced by the spline,
cantilever(Figure 5.21). The dimensions of the spline teeth are determimégppendix
G2.4.

10
32 mm n —I 12.6 mm
F \
/
2 mm AG66.5 M spline tooth
N k“\ Surface of shaft

Figureb.21:Bending stress of the spline tooth

From this cantilever approximation of the spline tooth, the stress that it will experience is
232MPa, which is below the allowable stress of 6580 steel.
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5.5.2 10241 Gearbox Components

The cycloidal gearbox designed Wirko Blagojevic, Nenad Marjanovic, Zorica
Djordjevic, and Blaza Stojanovic will be used for this power tool, as it is the most compact
two-stage cycloidal gearbox availablénfortunately, thisgeabox is notcommercially
available;meaningt will needto bedesigred It has been calculated preusy that the
torque required fobendng the rebaris 933.3 Nm,and from Section 5.3the torque
required forsheaing is 280.25 Nn(Section 5.5 Howeer, the maximum output of the
gearbox would be 1536 Nm as the motor torque output is 1.5tiNnrgearbox will be

designed for the maximum torque.

Stage one ring gear Central disc Pins

/ 7

Gearbox lid

Drive shaft \
:E'

/'

Internal gearbm{ shaft D,,rclmd discs Stage two ring gear

Figure 5.22Exploded view of gearbox components

5.5.2.1 Stage One and Two Cyclali®discs

To obtain a gear ratio of 1024:1, each stage of the geatidxave a reduction ratio of

32:1. Knowing the ratios of each stage and the input torque, the torques of bothatycloid
discs will be calculated with the eafions supplied by Blagojevic et @&oth cycloidl
discswill have equaltorques.Thecycloidal discs will have a diameter of 164 mm as they
will need to accommodate 32 lobes. The added benefit of a large diameter is that it will

reduce the amount of foread stresscting on the disc.

/'

Stage One and Two Cycloid Discs

Figure5.23 Componentsinder consideration
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Knowing the torque that each cyclaldliscexperiencess 1537.45 NmAppendix G1.5

the force acting on the teeth on the cyddisc can be calculated. It is important to note
here that the cycloal disc engages three pins at any given tikigure 5.24). Assuming

the forces are evenly dividetthe forceper toothand pinis calculatedo be 63 kN.

With the forces known, the teeth of the cycldidiscareapproximateds acantileverto
calculatethe bending stress of the tooidure 5.24). The thickness of the cyclatidisc
is 16 mm to increase themntact aredo lower the contact stress (the Hertzian Contact
Stress between the cyclaidlisc and central disc pin bushing is calculatedppendix

G1.6.
A
N
: 10.07 mm . B6249.8N
A per pin
r p'.

3.01 mm

Force from
cycloid disc to
central disc pin

6249.8 N

Figure5.24:(Left)Bending of cycloal tooth is equivalento cantilever beam, NA denotes
neutral. (Right) Forces acting on the teeth of the cycloidal disc axis.

The bending stress calculatichppendix G1.pshows that the bending stré¢69.5 MPa)
is below the allowable stres$ 644 MPa of 4142 steel (Qquenched and tempefdd).
toothon the cycloidl discwill also experience shear stress, which is calculated to be 36.5

MPaandwhich is below the allowable shear stress of 322 MPa.

One final stres that needs to be determined for the cyelbdisc is the contact stress
between the pins and central di@(re 5.295. The cycloidl disc has six holes in which
only three are engaged at any one tiinis also assumed that each pin exerts an equally

divided force onto the walls of the holes.
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Figure5.25: Cycloi@l disc of stage 1 and 2 showing forédesm the pinsacting on the holes

Using theHertzian Contact Stress Thediyr a cylinder within a cylinder the contact
stressedetween the two partsan be calculate@Appendix G1.p The bushing and
cycloidal disc material poperties of copper berylliunfAppendix DY and 4142 steel
(Appendix DY are usedespectively

Before the contact stress can be calculdtediforces acting between the pin and the hole
walls will need to be determinednowing the torque of the cyclaaidisc, the forces
acting at the hokand the pins of the central disdound to be @ kN. The diameters of
the holes and the bushings are 27 mm and 21 mm, respectigtythis information,
the calculatioryields a contact stress 688.3 MPawhich is lower than the allowable
stress of 4142 ste@44 MPa)and copper berylliunie43.3 MPa)

5.5.2.2 Central Disc

The calculation to determine the central disc pin diamdtrsAppendix G1.y was
completed using the allowable stress of 4140 steetthested to condition U, (

T @0 0 § The pins will beapproximatedas cantilevers with a length of 20 mm
(Figure5.28. The length of the pingill allow aclearance of 4 mm between the cyclid
disc (16 mm thick) and central disEigure 5.27) while still engaging with the two
cycloidal discs on either side



66

Central Disc
Figure5.26. Components under consideration

Cycloid Cycloid
disc disc
Pins Central

disc

Figue 5.27:Schematic of central disc, pins and cy@bitiscshowing 4mm
between the discs

The minimum diameter of the pin was calculated to benf§ but it was then increased

to 17 mmto fit bushings from the SKF catalogue. Unfortunately, the bushiatgmals

that were offered were of insufficient strength to cope with the contact stresses. As 17
mm is a standard internal diameter, it was then used for the internal diameter of the custom
beryllium copper bushingThe thickness of theustombushing is2 mm, a similar
thickness to the bushiegffered in the SKF catalogue

20 mm
-+ "

9317.8T N

Figure5.28:Central disc in approximated as cantilever
beam NA denotes neutral axis

In order b determine the thickness of the cendliat, an pproximation was made to turn
a sectiorinto a rectangulawall as indicated ifrigure 5.29 Asthe cycloidl discspress
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down on each side of the central dsos a bending momerdreatedby the combined
forceon the three pins 27.9 kN. To simplify the analysis of the central djgbe total

force will be loaded onto one pin to create the bending moment.

Figure5.29:Central disc wall (red) approximatio

35 mm

Top view

107.78 mm

Figure5.30: Schemat: of approximated wabf central discNA denotes neutral
axis.

From the calculation (se®ppendix G1.), the minimum thickness of the central disc is
10 mm. Thehicknesg fdhe central disc was later increased tonbbto fit the selected

outer bearing better

Thetwo cycloidal discs are 180° outf@hase (this is done to reduce vibration), meaning
only three pins on opposite endave a force exerted on theifhis loading condition
could cause some torsional shear st@sghe central disc. $ing the dimensions
Figure 5.30Q the torsional sheastress is 68 MPé&seeAppendix G1.), which islower
than the allowable shear stress of 4140 steel (246.6 MPa).
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5.5.2.3 Internal Gearbox Shaft Design

The internal shaft of the gearbox is differénaim most shafts as it does not drive any of
the compones in the gearbaxThis is attributed to ttfactthatnone of the components
are connected to the shaft via a keyway or other fixtures. It edgoiresa 3 mm
eccentricity to allow the cycloal discs to move in a cycloidal fashion. As a standard for
eacentric shafts could not be fourshaftdesignstandardAS14031985will be used as a
guide(seeAppendix G1.p

Internal Gearbox shaft
Figure5.31 Components under consideration

Berore the stanaara could be used, the Torces and tne penaing moments on tne shaft need
to be calculatedStarting with theforces exeed on the shaft by theycloidal discs of

stage one and two (the torques on both cyalalics are equaljhe loading conditions

can be simplified down tBigure 5.32 where R represents the force on the shaft,id-

the reactionforce from the centrad disc pins, anda total force ofl8.7 kN act on the

cycloidal discteethfrom the ringgear.

Cycloid disc

Central
disc pin
Shaft

187454 N

Figure5.32:Forces from cycloé disc to shaft

To calculate the forces acting on the sivaftigure 5.32 the situation can be treated as
a beam(Figure 5.33.
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18749.4 N
Fa |
;P % Fg

Figure5.33:Equivalent beam diagram of forces exerted by cycloidal disc

The reaction forcé&s, is 27.9 kN and the reaction forcga, is determined to b6.2 kN.
As both the cycloidl discs havelte same torque, the force exertedthe shaf{Figure
5.34) from the second cycloa disc will be the sam@Appendix G1.1

92042 M

9204.2 N

l

Fiy B C
Figure5.34:Gearbox shaft showing loading condition
Once thanitial diameterof the shaft is calculated, a 3 mm eccentricity willdoeledto

offset each section where the cychlidiscs will be located to accommodate the required

eccentricity.

The bending moments on the shaft are virtually symmetrical, metranigpe diameter
of the shaft will beuniform. It must be noted thatne side of the shaft will need to
accommodate an internal keyway so that the electric motor can drive the g&atiion
5.5.2.9.

Determinng thefinal diameter of Section AB of the internal gearlstwaft,thetwo stress
raisers need to be considered. Section AB of thenatehaft has a stepped section (for
the eccentric movement of the cyclaidlisc) and an interference fit from the bearing
(Figure 5.34). The shaft diameter of this sectimncdculated to be 30 mm.He bending
moment in section BC of the shaft is identical. Therefore, the diameter of section BC is

the same as section AB of the internal shaft fgggendix GI2 for shaftcalculation).
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5.5.2.4 Internal Keyway Design

The final pat of the shaft that needs to be designed is the internal keyigyr¢ 5.35

that allows the motor to drive the gearbox. The key will be made of 304 stainless steel as
it is readly availablekey steel with a yield stress of 205 MPa arshear stress df02.5

MPa. No factor of safetis used as the forces acting on the key would be small. It would

also be more beneficial if the key failed as opposed to damaging theanibtegearbox

Figureb.35:Internal keyway to allow motor to drive gearbdXed box indicates bearing area betwee
key and shaft.

Firstly, the forces acting on the key and the interradl @f the shaft need to be calculated.
The force acting on the keg calculatedoy using the radius of the motor shaft (12 mm)
and the maximum torqueatthe motor can produce (1.5 Nnnowing this torque, the

total force generated is 250 N. As it islaublesided key, a double shear scenario is in

place, meaning the forces are divided evenly on each end of tlieigase 5.36). As the
forces are small, it would be better to assign an arbitrary set of dimensions and calculate

the bearing and shearesdses between the key and the shaft.

19 mm

‘,——"

6 mm 4mm

Figure5.36:Motor keyway dimensiondhe red box indicates bearing area between key anc
shaft
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From the calculationghe bearing (5.4 MPa) and shear (5.2 MPa) stresses are below the
all owabl e str essesAppendixGBlBér chlalgtors mat er i al

5.5.2.5 Stage One Ring Gear Body and Pins

Thefirst stageing gear(which alsoacts as theody of the gearbox)as severalifferent
forcesacting on it First, calculating the forces exerted by @entral disonto the body.
As the first cycloi@l disc exerts a force onto the central ditee central disc theexerts
an equal and opposite force on the second cyalldidc as shown ifrigure 5.38 and
can be further simplified tabeamdiagramin Figure 5.39

Py

Pins

- i e
\ Stage one ring gear

Figure5.37:Components under consideration

Second stage

Cycloid disc First stage

Cycloid disc

Central disc

F

Figure5.38:Equal and opposite forces exerted on the central #isst. stage cycloidl disc(blue)
exerting force onto central disc pyellow) Central disc pin exerts force onto second stage cyaloi
disc(grey)

27953.6 N 275953.6 M

it

55907 2 N

Figure5.39:Equivalent loading of central disc on beam
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The total forceof 55.9 kN is exerted onto a bearing thatpressfitted onto the body of
the gearboXFigure 5.40).

Central
disc

Bearing

Figure5.40:Central disc and bearing press fitted into stag
one ringgear. Note the central disc is not in contact with
shaft

Using the projected area of the bearargl the force dmg on the bearinghe bearing
stresses exerted on the body of the geadrexietermined tde 13.9 MPa(Appendix
1.4.2, which is below the allowable stress of Al 56688 (271 MPa). The force from
the bearing also causes a bending moment on the gearboxfiguie6.41).

First stage ring
gear/gearbox body

Outer central disc
bearing

15 mm

Figure5.41:Central disc forces acting on bigay causing bending moment on gearbox bo

The bending stress caused the central disc is 3.23 MR&ppendix1.4.1), which is

below theallowable stress of the aluminium all®71 MPa)
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The next componestto be designedre the ring gear pinsto be made ofL2 steel
Knowing the material properties anthat the same forces acting on the cyabuisc
teethwill act on the pinsthe dimensionsof the pinscan be determined

Pin
Cycloidal
Disc

First stage
ring gear

Figureb.42:Ringgear showing fitted pins

The pirswill be interferere fitted into the ringear and only half the pin will be exposed
to the cycloi@l disc Figure 5.42. With apin diameter of 6 mm, the lengdi the pin

can becalculatedvith respect to the allowable shear stress of L2 steel ( p X Gt 0

Figure5.43:Shear area of exposed section of riyegr

From the calculationthe minimum exposed length of the pin is d®n (Appendix
G1.43), but thelength of the exposed pis requiredo be 16 mm to match the thickness

of the cycloi@l disc. The shear stress in the pin serincle crosssection(Figure 5.43

also needs to be checketis calculated that a shear stres$5898.4 MPaexists. This

shear stress greater than the allowable shear stress, which means L2 steel will need to
undergo heat treatment to improve itscmanical properties. According to Pope (1997,
p.265), L2 steel can be hdatated to achieve a yield stress of 1792.6 MPa, which gives
an allowable shear stress of 597 MPa and an allovieb$#lestress of 119 MPa. This

means that the curredimensionsan be maintainedhe bearing stress between the pins
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and ringgearalsoneeds to behecked; Solidworks was utilised to obtain the bearing area.

The calculated bearing stress is 50.6 MRagpendix G1.4.1).

To determine the minimum thickness of tivgy gear an approximation was made to turn

the ringgear into a flat wall fixed at one enBigure 5.44). The load of three pins is

applied on t hegeditootho of the ring
3mm+t
2
4 L 3
t
:j‘=§
Ring
L -
ear wall
6 25 Metal
187494 N betwaen
“r pins

Figureb.44:First stage ringear wall loading approximation

Knowing the allowable stress of 5058.8 aluminium alloya calculations performed,

yielding a minimunthickness tof@0 mm @AppendixGl.44).
5.5.2.6 Stage One Ring Gear Bending of Feet and Body

The feetand the bolt diameter to secure the gearbox to the hoofsihg gearbox are the
next items to be designed. Using timvards force from the shaftiringshearing (as it
is the highest forcéhat occus), the force from the firsstage ringgear torqueandthe
forcefrom the internal gearbox shéfiatexerts on the second stage rgegat will give

the loading conditiosion the feet and the shear force on the bolts.

Gearbox

mounting

Central feat

disc

Gearbox
lid

91523 N

303328 N

Second
stage ring
gear

Figure5.45:Forces and torques dinst stage ringgear body
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To calculate the bolt diametensed to secure the gearbox to the hoyshegnet force in
the upwards direction is KN (Figure 5.45, and the force per foot due to torque is
129 kN (seeAppermlix G1.45). The bols aremade of grade 10.9 steel which has a yield
stress of 940 MPaVith an allowable stress of 626.6 MPa and an allowatdaisstress
of 313.3 MPathe diameter of the bolts is calculated to8l& mm.However,as 8.3 mm
bolts do noexistfor this grade of steel, the next largest labtmeter ofLO mmwill be
used instead

The top and bottom feet of the gearbox raspbe affected by bending due to the loading
from the shaft during shearing (calculatiorAppendixG1.46). The It holesin the feet

area source ofstress concentratiorrigure 5.46) and will be taken into account in the

analysis
F
First stage
ring
gear/gearbox Gea.rbﬂx
body / lid
Mounting 286 mm

feet

t

39485 N
Figure5.46:Force exerted on the front of gear box could cause the top and bottom feet tc

The gearbox body is simplifiemsa T-plate Figure 5.47showsa free body diagram.

Fy

Figure5.47:Free body diagram of gearbox bodyhe red arrows indicate reaction forces from the hou
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The forcesn the x-directionacting on the top and bottom feeeedto be determinedh
orderto calculate the bending stregsowing thatthe bendingmoment caused bipne
39.5 kN forceis the sum of théwo moments created by tiwo forces acting ithe x-
direction; the force actinon the xdirection can be calculatedh& force has a uniform
triangular distribution{Figure 5.48. The maximum point forcé Fcéan be calculated by
finding the centre of theiangular force distributionThis force is then used tetermine

the bendingstress of the mounting feet.

39485 N

Figure5.48 Fore distribution of the first stage ring gear

Knowing thediameterof the bolt holeeitherthe widthor thicknessof the footcanthen

be arbitrarily assigned until a stress below the allowable stress of the aluminium alloy
(271 MPa) is foundFigure 5.49. Using D = 10 mm, w = 55 mm, t 30 mm andthe
bendingmoment ¢ cquyoBtod  x witd,thebendingstress was calculated

to be B7.4MPa which is below the allowable str€231 MPa)of the aluminium alloy
(AppendixG1.4.6. The dimensions will be used on all four of the mounting feet on the

gearbox.

C I )

Figure5.49:Gearbox foot in beridg with bolt hole
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Bending of the gearbox body will also likely occur from the force exerted by the shaft
when rebar is being shearg&ssuming a uniform wall thickness of 8 mm (the thinnest
section of the gearbox) and the maximum length of the gearbox (109 mm), the stress
caused by bending is 16.4 MPahich isbelow the allowable stress of the aluminium

alloy (seeAppendixG1.4.7 for calculation).
5.5.2.7 Stage Two Ring Gear

The second stage rirggear will be made of 6580 steel. It should be nétetlaccording
to the 6580 steel datashedseeAppendix D1 for acircular section with a diameter
between 161 mm and 250 mm, tyield stressof the steel isT00 MPa.The shaft that
forms part of the ringgear isdiscussedn Section %.1. The diametersf this shaft are

66 mm and 50 mm

Stage two ring gear
Figure5.50 Components under consideration

The same approach used to determine the wall of the first stageeangill also be used
here.The respectivaection of the ringgearcan be approximateas a wall fixedat one
end(Figure 5.44). Then, the combinediorceof the thee pins (1& kN) is applied to the
steelbetween the pins of the rirgear This steel between the pins acts as a support to
each pin the force will cause a bending momeaboutthe wall From the calculation
using the allowable stress of 6580 steeb(86VIPa) the minimum thickness dhe stage

two ringgear wall is 13 mm (se&ppendixG1.5.1for calculation).

Next, the bearing holder is to be design&dhearing will be preséitted into the second

stage ringgear Figure5.51). Theforce from the ingrnal gearbox shaft will exert a radial
force of 925kN. This will most likely produce a very small bending moment, so it would

be more practical to arbitrarily assign a wall thickness and determine whether the bending

stresses will exceed the allowabieess of the material.
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Second
stage ring
gear

Ring gear

output
shaft \

Bearing //

holder 13 mm

Figure5.51: Crossection of second stage riggar, showing the bearing

holder with force indicated
The internal diameteof the bearing holdes 62 mm; however, the outer diameter has
been arbitrarily assigned to 72 nimprovide a 5 mm thick holderound the bearing.
The maximum bending stress on the bearing mgusi 7.3 MPa which is below the
allowable stressf 6580 stee(seeAppendixG1.5.2).

5.5.2.8 Gearbox Lid Design

Next to be calculatees the diameter of the machine screws tbaturethe lid to the
gearbox(seeAppendix G1.58 The netforce acting onthe lid is39.8 kN (Figure 5.45
and5.53. It is assumed that this force will divide evenly between the screws that secure
the lid in place. As space is limited threfront of thefirst-stage ring gear, it was decided
that multiple screws will be used digstribute the force. The screws need to be able to fit

within the 14 mm thickness of the first stage ryear lip.

Gearbox lid

Figure5.52 Components under consideration
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Figure5.53 Gearbox lid a load of 39485 N acting on half of the
bore.The ed square indicated projected bearing area.

Class 4.8 machine screws will be used; thel $tag an allowble shear stresd# 113.3
MPa.Using the allowable slae stressthe screw diametas calculated to be Bm.

The thickness of thad of the gearbox needs to be determinedngshe netforce of

39.5 kN, the outer diameter of the bushing2(mm), and the allowable stress of the
aluminium alloy 5056418 (271MPa), the minimum thickness of the Imecome® mm.
However, a thickness of 2 mmdsitesmall, and a more reasonable thickness of 10 mm

is used insteanh order for a bushing to be fitted onto the lid

Due to the slow speed of the drive shafbrorze (ASTM B505) bushing will be fitted.
The bushing is 3 mm thickvhich gives did bore diameter of 72 mnThe bearing stress
is checked between thHauishing and the lid54.8 MPa) and between the shaft and the
bearirg (59.8 MPa. Both bearing stressesdrelow the allowable stress of the aluminium
alloy 5056H18 (271.3 MPa) ahASTM B505 (92 MPa).

5.5.3 Shearing MechanistinkageForce and Stressnalysis

The sliderequires a displacement of 20 mmorderto shear the smaller rebar siz&ke
linkageswill have the following starting anglés:" | # It #Jh ‘ppw8wldh
= 20.14° at first contact with the rebar. When the mechanism is fully extendedhe

AT cl A0 xEI 1 AA 7"150038°h Ap AJ 00041 " #

A
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Linkage AB B tinkage BC

Slider Blade

Hinge AB A

Fe

C

Figure5.54:Schematic of linkage system to move cutting blade

Roller follower

Figure5.55: Solidvorks model of the cutting mechanism
Knowing the force to shednerebar trigonometryis used to determinboththe forces
exerted oreach of the linkagemndthe amount of force requirddr the canto push down
at point B Fey (Figure 5.56). The most significant forcthe mechanisnwill experience

will be at the beginning dhe sheaing phaseof the rebar

C Fo= 171060 N

-

Figure5.56:Force diagram of linkage system

The forceson each of the linkages appendix 7.4}t Fas = 90.8 kN (linkage AB) Fsc
=1822kN (linkage BC) and Iy = 627 kN (the force required to push the roller follower
down). It should be noted that the valueFad is the starting force required to push the
follower down and will deci@se as the mechanism reaches top dead c&htse forces

will be used to determine the dimensions of the linkages.
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5.5.3.1 Slider
The dimension®f the linkage systewereassignedarbitrarily but were finalisedfter

severaiterations. @lculatims were performefbr the finalised dimensiorte ensurehe
stresses were below the yield stress of the material.

Figure5.57. Components under consideration

Thedimensions of theebarshearingolade used for this tool wibbe the same blade used
for the Cobalt InternationaRC-22 rebar cutteras both tooldhavethe sameshearing

motiors.

) 4 Blade Mount

| Y

1

Figure5.58:Dimensions of the slider

Beginningwith the blade mountthe compressive and tensile stregfi need to be
calculatedas the load creates a bendingmentof 2538.2 Nm(Figure 5.59).
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F=171060 N

‘a @
‘ centre

~ Location of load

Figure5.59:Location of load on slider

Both the compressiveq{l MPa) and tensile (615 MPa) stresarebelow the allowable
stress othe D2 tool steel (1.2 GRaeeAppendix G7.1.1or calculations

Column theory can be used to determinedtical load and stress, also known as the
buckling load and stress. The blade mount is the sameasmn fixed at one end vt
a load applied at the tqpigure 5.60(@)).

Figure5.60. Effective lengths of diffent loading conditions (Beer, Johnston, Jr, DeWolf, & Mazurek, 20

The calculationsyield a critical compressivestress valuef 17.3 GR, which can be
ignored ashte blade mount would have buckleefore 17 GPa could be reach&dom
the calculationghecritical forceis 21.8 MNwhichis much higher than the applied force
of 1711 kN, meaninghatthe blade mount will not bucki@ppendx G7.1.3.
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The loading in section Af the slideris similar to the loading condition represented in
Figure 5.6Qb). The calculatia yields a critical stress 008 GPa and a critical force of
12.3 MN, which ismuch lower than the applied force ofl1TkN.

Section B has the same loading condition as shoviigiare 5.60a). The critical load
and stressarecalculated to be 28 MN and 17 GParespectively. The critical stress of
both sections A and B are well above the yittdss of the material arateof no interest

as thesliderwould havebuckledbefore theeritical stresses would be reached. The critical
loads on the slidaarefar higher than the appd load of 1711 kN, meaninghatthe slider
will be able to withstand the applied load.

Linkage pin

Figure5.61:Components under consideration

Knowing the forces acting on tlkemponentsf the shearing mechanisthedimensions
of thebottom half of the slideandthe diameter of thpinscan be determinedhe pin
connecting linkage BC with the slider will be made of L2 steel; the pin wititrikely
fail due to shearThe pin is supported on each side by the slider, medhatg double

shear will occur.

Theallowablestress of LZnon-heat treatedjteel is, o T Bt0 ¢which also gives
an allowable shear stres®f T p X Bt 0 &Using the allowable shear stresbe
minimum diameteof the pin connecting the slider and link B@n be found to b80
mm. Bushingsinstead of roller bearingsill be used as thepged of the mechanism is
slow (maximum velocity of the slides 0.0015 ms). The diameter of the pin holders
needgo be large enagh to accommodate the pin and bushimgich will be discussed
in Section 5.5.3.2.
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5.5.3.2 Linkage BC

The thickness of link BC was calculated for the linkage acting directihe@r8® mm
diameter pinFigure 5.63, asthis would give a more conservative thickn€Bse yield
stress of L2 steel (materiaf pin) will be used mcethe allowable stress Iswer than
that of D2 steelUsing the allowable stress of L2 staslthe minnum bearing stressnd
the diameter of the pin (30 mpihe thickness dinkage BCis determined to be 20 mm
(AppendixG7.1.3andG7.2.7).

Pin and bushing

Bushing

C Linkage BC

Figure5.62 Components under consideration

Figure5.63:Bearing area is approximately the projected area of
pin (Beer, Johnstg Jr, DeWolf, & Mazurek, 2006)

As the bushingéthat encase the pina)soexperiene high bearingloads, it was decided
thatabushing wall thicknesef 5 mm(giving an outerbushingdiameter of 40 mjywould

provide a suitable amount of material to wear through before a replacement is required.
The outer bushing diameter will be used on the pin supports of theasidiénkage BC

The bearing stress acting on the bushing will be calculated and compared to the allowable
stress of nickel aluminium bronz@ mdpd 0 § According to he calculation (see
AppendixG7.2.1), using the highest force exerted by linkage BC (28R!), thebearing

stress experienced by the bushs@27 MPawhich isbelow theallowable stress.
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Column theory can also be applied to the analysis of linkage BCliriKagye is hinged
on both ends, similar t&igure 5.6Qb). Knowing themaximum forceacting onthe
linkage (182 kN) and theequivalentlength (0.14 m)these valuezan be used to
determinewhether or nobuckling of the linkagewill occur. For this calculationthe
linkage will be sinplified to a rectangular bloclAs the linkage has a rectangutross

section, the critical load will have to be calculated-mandy-directions Figure 5.64).

Bending

Figure5.64 Twopossibledirections of buckling about(¥eft) and X(right)

140 mm
-+ >

Figure5.65 Loading on the simplified linkage BC

The critical forces in beding about y and xdirections are 3.52 MN and22MN
respectivelyand areabove the applied force (1@%N) indicating that this linkage will
not buckle (sedppendixG7.2.2).

The diameter of the pin located at poinfflBgure 5.62), which sugorts boththe roller
follower andlinkage AB need to be determinedlhe maximum force (182 kN) that
the pin will experiencavill come from linkage BC. As the force is the same on both ends
of the linkagethe pin at point B will have the same diameter as pin C connecting the

slider to linkage BC.

Bendng will most likely occuron thebasedue to the force acting on linkage 88 p i n
supportsthereforethe bendig calculation was performed on one sidéhefbase of link
BC hinge as it is symmetricgFigure 5.66).
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- Pin supports

=

S91101.5 N

35 mm

a0 mm

Figure5.66: Halfsection of linkage BGhowing base of linkage BC that will expaeiebending

Knowing the allowable stress of D2 steel (1.2 GB®) distance from the bottom edge of
the bas to the neutral axignd the bending momerthe minimum thicknessf the base
O60Xx06 is cal cul aAppeadixt7®.3forealctil&ion)nm ( s ee

5.5.3.3 Linkage ABPins and Bushing

Moving onto linkage AB, the diameter of the hole where linkage BE AB meet
(indicated by point B ifrigure 5.62) will havethe same diameter as linkage BIO mm)

The wo linkages AB are used on thshearing mechanisiffrigure 5.67); it is assumed

that the forcegSection 5.5.Bare evenly divided between thiekages (45.4 KN each).

First, the diameter of the pin connecting linkage AB to the hinge is calculated using the
allowable shear stress of L2 steiis gives a pin diameter of 22 mm (s&ppendix

G7.3.1for calculation).

Bushing

Figure5.67: Linkage AB with forces, F, and thickness, t, indicated. Bushing (opposite bushing hid
and pin
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The thickness of the plked is deermined by the bearing area acting onire with the

bearing stress being the allowable stress of L2.sStéel calculation yields a thickness
10 mm (seé\ppendixG7.3.1).

A bushing with a 5 mm wall thicknessicases thein which creates a totauter diameter

of 32 mm. The bearing stress is then calculated again to ensure that it is under the
allowable stress (506.6 MPa) of the bearing material. The bearing stress is found to be
206 MPa (se@dppendixG7.3.1).

Column theory is also applied to lirde@ AB todeterminghe maximumforce that could
be applied to thiknkagebefore it buckles. As linkage AB has a rectangular esession
the critical fore needs to be calculated about botland ydirection(Figure 5.64). The
loading condition of linkege ABis shown inFigure 5.6Q(b). Knowing the dimensions and
the equivalent lengt{¥5 mm)of linkage AB, the critical buckling force about thexis
is determined to be 1.84N and .3 MN about the yaxis. The critical force of linkage
AB is well above45.4 kN, meaning that the linkage will not bucKkeppendix G7.3

5.5.3.4 Hinge AB

The second to laspartto analyseof the sheaing mechanism is the hing&he forces

actingon linkage AB aralividedinto theirx- and ycomponentgFigure 5.69).

/

Hinge AB

Figure5.68 Components under consideration

Fr=258381.2 N

Y . S0825MN=Fy
/
/
X

4+ B5576N=F

Figure5.69: x and ycomponent forces acting dningeAB created by linkage A
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It is assumed thahétwo supports of hinge AB will share the applied force evenly. Each

of the supports can be approximasesé cantilever beam for a simplified analysis.

34788 N

F 3
L

A40mm 10mm

Figure5.70:Hinge AB simplified to cantilever
Knowing the dimensions of the bushings, iand clearancethe dimensionsof the
supports of hinge ABHigure 5.70 will be used to determinthe bending stress bfnge
AB. The calculated bending stress (8gpendixG7.4.2) is 232 MPawhichis below the
allowable stress of D2 steel (1GPa).

The next stepsito determine the thickness of the base of hingeldBrderto determine

the thickness, it is assumed that only one end of the base is fixed. The width of the base
is determined by the thicknessestbe other linkages, and spafm the bolts.NA
indicates the neutral axis of the plateFigure 5.71

Base plate

E9576 M

AL Fixed end Base plate
t cross-section

I 3

173 mm

T

Figure5.71:Bending of hinge AB base

Knowing the allowable stress of D2 Steel, and the bending metherthickness of the
base is found to be 10 mm (s&ependix7.4.3).



89

To calculate the diameters of the bolts that will be tgegcure the hinge to the case, an
assumption is madthat theforces in the xdirection evenly load the bol{@ppendix
G7.4.4. Each bolt will experience 13915.2 N of foréegrade 8.8 will be used to secure
hinge AB to the housing, T cdpd O &f ¢ p&0 O ¥ with the allowable
shear stresghe minimum diameter of the bolts is calculated to be 10.5 iHowever,
10.5 mm diameter bolts are not availasliethe next largedbolt of diameter 12 mm will

be used instead.
5.5.3.5 Return Spring

The final part of this mechanism is the spring that will push the whkbéaring
mechanisnback to ensure constant contact between the cam and the roller follower. To
calculate the spring constant requijrdte mass of the linkages and thelet need to be
known. Using Solidworks, the total mass of these components is 5.53 kg. Placing the total
mass of the mechanism at pointlBgure 5.73), the force required to push the mechanism

up against the camg,Hs calculated to be 306.8 N (s&ppandix G7.5).

Return spring

Figure5.72:Components under consideration

B
-..-' 'F._\_\.
/ 151° F
Fas  / .
.-_.-' "'\-\.

F, e
.;.-_f "'\-\.__ _ ': Fl:
A ¥ 19" 553kg 1004° S,

Figure5.73:Force diagram for required spring constant when mechanism is fully exte

Knowing the distance between the wall of the housing and the slider when the linkage
system is fully retractedjives a clearance of 50 mm for the spring to be fikewwing
the force an estimated spring constant can be caledlasing=quation 55.16. The slider

moves 20 mm from the initial position of the linkage system to the final position as shown
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in Figure 5.73 An estimatedspring constanbf 15348.8 Nt is determinedising the
aforementioned valugg\ppendix G7.p This spring constant will change depending on
the free length of the spring. From the Spring Store catalogue, a spring with a 13000 Nm
! spring constant and a free length of 63 mm was chosen (PZRD@%6250MW-2500
CG-N-IN). A total spring displacemenf 33 mmis required fothe spring to fit between

the wall of the housing arntthe slider andcompress 20 mnKnowing these values, the
amount of force that the spring whle pushng back on the mechanism429 N (see
AppendixG7.5), which ishigher than theequired 306.8 NThis means thahe spring
canpush the mechanism back and keep the follower in contact with theTtenextra

force from the spring is negligible to the rest of the components. For example, at the
starting position of the shearing medmsm, the force from the spring is 169 N. This
mears that linkage BC will have a compressive force of 18238&dwparing this to the

original force of 182201 N, the difference is negligible.
5.5.4 Camand Follower

The calculatiors for designing the cameeddot ake i1 nt o account the
eccentricity which affects the speed of thleder and thepressure angleFirst, the
equations defining these and returiprofile of the cam need to be selectegjure 5.76
showsthechosercurves H5 and H6 as they aréhe most suitabléor the rise and return

motion of the camThe displacement curves of31and H6 provide a smooth convex
profile. A trial rise anglerange (0°150°) is selected for thequationghatare given in
Figure5.76 The pressure angle hcan ke calculatedisingthe prime radius, RFigure

5.795, thegoverning equations of the-bicurve and the eccentricit®nly the rise section

of the curve (H5) will be usel for the calculatiogas it is thecurvethat is undetoad.

. _~Cam

Follower

Figure5.74:Conponents under consideration
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Figure5.75:Dimensions of cam and follower (Norton, 2002)
The maximum pressure angle will occur at the-nse of the cam. The eccentrigity at
mid-rise is8.144 mm due to thelateral movement of the shearing mechanissn r ol | e

follower. Usingthis information the maximumpressure agle is 4.16°(seeAppendix

G7.6for calculations.

Figure5.76:Harmonic curves (Kloomok and Muffley, as cited in Mabie and Reinholtz,

A check needs to be performeéd determine if the profile containsny cuspsby
cal cul ati ng t he atthe deakiosthecdrfat t50°)ay thig iswhere a §
cusp is most likely to occuWhen”  miha cusp will formif”  mhthe cam profile is

convex and wheri 11, the cam profile is concave

With the displacementcceleratiorand velocity equations for curve-$ the radius of
curvature is calculated to be 13.8 ms.the radius ofervature is greater than zero, this
means that no cusps will forrapndthe cam is convexallowing the roller follower to

move smoothly with the cam.
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5.5.4.1Contact stress

Thecontactstressebetween the cam and the follower need to be determinéidwothe
selecton of a suitable material. Tloam and roller follower can be approximatedvas
parallelcylinders The stress experienced by the camrafidr follower isexpected to be

high. In order b calculate theontactstress (seéppendix G.6), the smallestradius of
curvaturelocatedat t he peak of the cam wil|l be us
rati o, Youngod6s modul uwereausedto estimdteethegstrdss o f
experienced by the cam and followandthe contact stress w&sund to be 2.21 GPa.
Adding a factor of Safety of 1.5, the yield stress of the material will need to be
approximately 3.32 GPa. The only material that could be found with a similar yield stress
is ASSAB PM 30 SuperClean steel, with a compressive yigddstf 3.5 GPa. Using the
values provided by the datashestd Appendix B) the actual contact stress between the
cam and follower i2.36 GPaThe contact stress is slightipove thallowable stress of

the PM30 steell.33 GPa However, ssmall diffeence between the maximum stress and

the allowable stress is of little consequence.
5.5.4.2 Torque and Velocity

The maximum torque occurs when the pressure angle is at its maxitnoming the
follower6 sadius,the base circle radius artie maximumpressue angle of the carfat
mid-rise), theforceof 46 kNrequired to push down on the linkage systgramaximum
torque required to turn the camcalculated to b280.25 Nm.

The maximum rise velocitglsooccurs when the pressure angle issahaximum.Using

the velocity inthey-direction Vgy, and the velocity diagraiffrigure 5.77) derived from

the shearing mechani s mahe vefoaty af the stideradjis am (
calculated to be 0.00158 rhgsee AppendixG7.6). The velocity ishigher than the
minimum speed0.0012 m3) to shear 20nm rebar within 10 secondshichalso means

that the rise angle range ofl80° is acceptable.

VB?
Ve 44° Ve
29°
(] o
74.9 61 v
V-'

L

Figure5.77:Velocity diagram when the cam is at half ri
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55.5 Power Calculationand Motor Selection

From the shearing force and bending moment vahewnin Sections 2 and5.3, it is
possible to calculate the amount of power required to bend and shear th&helbaing
cannot be assumed the function that requires the most power; there is also the bending
function to be considered. Knowing the torgaed the required time %1seconds) to

bend the rebar by 180°, the power can be calculated and compared with the power

required to shear.

The force requiretb bendtherebar is5.3 kN, and knowing théending arm lengtfiL75
mm), the torque required teehd the rebar can be determin@fth the rotational velocity
and torqueof the bending arnthe minimumrequired poweto bendtherebar is293.2

W (seeAppendix ®). The power to shear can be determined in a similar method.
Knowing the maximum slider vetity (0.00158 m3), and the shear forq@711 kN),

the power required to shear the rebar is calculated to be 27&8aAppendix GR

Comparing the bending and shearing pquviters evidentthat bendingrequires more
power. Using a factor of safety @&f5 (to ensure that the motor has suéfiti power to
overcome anyriction losses) a motor with a minimum power output of 439 W is required.
From Table 11, the only suitablgpancakemotor (from the Printed Motor Company) is

the GPM16LRD005108motor. The motor produces enough torque and power to bend
and shear the rebar, and it also has a voltage rating low enough to allow a battery to be

used ashe power sourcéseeChapter 7.

Tablell:. NHzZAKSR LI yOI 1S Y23G2NJ aLISOAFAOIGA2Yya 0d. NHza K¢

Motor Model Rated Power [W] Rated Rated Speed
Terminal Continuous [RPM]
Voltage [V] Torque [Nm]

GPN12 37.5 200 0.64 3000
005062

GPM16LR 24.0 221 0.84 3000
00506

GPN16LR 36 324 1.30 3000
005078

GPM16LRD 28 550 1.50 3000
005108



http://www.printedmotorworks.com/wp-content/uploads/0051084-GPM16LRD-non-std.pdf
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5.5.6 Bearing Selection

Bearings will be required in the gearbox due to hmgational velocities experiencéy
the shaft and other componenBearings will beselected from the NSK and SKF
cataloguesAccording to the NSK and SKF catalogues, as there are no axial forces, the

equivalent dynamic load equalto theradialforces applied to the shaft.

Bearings
Figure5.78:Components under consideration

Starting with the cycloidl discs both discs exert adial force of @ KN on the shatft (as
calculated inSection 5.5.2)3 From the NSK catalogu#he bearing 6008 ZZvVVDDU
with a basic dynamic loadf 17.8 kNwill be used At the ends of the shaftthe loading
is9.25kN and 915kN, where thdearing 620&ZDDU with a dynamic load a20.3 kN

will be used.

Next, the outer bearing that fits around the central disc of the gearbox is selected. From
the SKF catalogudearing 61832 will be used. The bearing &dmsic dynamic load of

49.4 kN. The calculated fice exerted on the bearing is.8&N. However, it needs to be
noted that the forces in the gearbox were calculated using the maximum possible torque
output (1534 Nm), wheasthe maximum torque that will ever be reached is 933.3 Nm
(the torque required fdending rebar). The most likely force that will be exerted on this
bearing is 33® kN.

5.6 HousingandComponentPesign

To performthefirst principles analysis on the housjrige housing was simplifiedsa
rectangular tubé&he Solidworks model wilbe modelled with structural webbiagd the
actual shape of the hous)ngrom this tubea multiload stress calculation was performed
to determine the princgdstressesn elements K and Hr{gure 5.80. These stresses will
then be compared to the allable stress of the housing material (Magnesium alloy
EAG5RST 4 1= 806.6 MPa)As the housing is nafixeddto any solid structurand

the calculationslemand at least one sidéan objecto befixed, a calculation needs to
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be performed on the sideof the housing whemo forces arelirectly acting This leaves

only theback and top wallRigure 5.79 of the housing where the sides can be fixed.

Top Wall

>

Back wall \

C

Figure5.79:Housing constructed of magnesium alloy EAGBRS

5.6.1Housing Back Wall Fixed Analysis

The housing willbe analysed witta wall thicknesss of 3.5 mm (a standard plate
thickness)to determine the princg stressesThe largestforces will beproduced by
shearingthe rebarandwill occur in different parts of the housin@heseare theforces
due to shearinthatwill be used for thdirst-principle analysis-Thefirst calculation will
be performedor the housing with the back wall fixed the yellow wall(Figure 5.80).

Figure5.80:Forces acting on rectangular tube approximation of housipng.1711
kN, =326 kN,F=627 kN, =696 kN,Fs=584 kN,Fs=409 kN, = 413 kN
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v

Figure5.81:Moments and torques caused by forces acting in housing
Where T, P and F are torque horizontal and vertical forces respective

Usingall the calculated values of shear and normal stressegrincifal stressefor each

elementcan be calculateTable12).

Tablel2: Principal stresses, back wall fixed

Element K Element H
W 4 J[MPa] 39.44 74.3
Qs 4 [MPa] 43.39 54.5
G .[MPa] -35.49 94

Themaximumshear and bending stresses calculated for elements K and H are below the
allowable sheastressandallowabletensilestress of the magnesium alldyy = 153 MPa

andlai= 306.6 MPaespectivelySeeAppendix G for full calculations
5.6.2 Housing Top Wall Fixed Analysis

The next orientation of the housingaealysed For this analysis, the top surface of the
housing is fixedFigure 5.82. The samelsearing forces are used for this orientation as

well.

av

Figure 5.82Top surface fixetb yellow wall Forces acting on rectangular tube
approximaton of housing. F1 = 17kN, F2 = 3B kN, F3 = 62 kN, F4 = 6% kN, F5
=584kN, F6 = 4@ kN, F7 =4 kN
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329.75 mm

Figure5.83: Top surface fixetb yellow wall Moments and torques caused by
forces acting in housing. Where T, P and F are torquedmtal and vertical
forces respectively.

The samecalculationprocedurgo determine the princg stressess carried oufor the
scenario where the top surface of the housing is fiXed sum othe horizontal forces,
P, is calculated to b#3.7 kN, and the surof all vertical forces i97.4 kN.

Tablel3: Principal stresses with top wall fixed

Element K Element H
W 1 [MPa] 81.5 76.2
Q.1 .[MPa] 157.6 718
a, - .[MPaq] 5.4 -80.64

According to the maximum normal stress criterion, none of the pahsipesse¢Table
13) exceed thallowablestress of thenagnesium alloywhich means thahe dructure is
safe. Howeverthe housing will be modified othe Solidworks simulationpackage

where structural webbing will be addéar full working seeAppendix @.
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5.6.3 Cutting Head Design

The next section of the case to be designed is thagtigadFigure 5.84). The cutting
head will be cast as part of the housamgiprovides support for the blade when the rebar
Is being sheared.

Slider and blade

Insert

Cutting
head

Blade

Figure5.84:Cutting head

t 25.4 mm 21 mm
=

Figure5.85:Side view of cutting head with Figure5.86:Top view of cutting head,
dimensions, grey block represents blade showing dimensionand axis of bending

Fixed to housing

Top section

Bottom section

Figure5.87 Forces acting on the cutting head
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The top section(indicated in red irFigure 5.87) could be approximated to artdever
with the bottom portion of the cutting head fixe®l bending moment about theaxis
(Figure 5.86) is created by the force required to shear the ré&awing the allowable
stress of the magnesium all¢806 MPa), the thickness chasolvedfor 6 t(séeAppendix

G8.1), whichyields aminimum required thickness 40 mm.

Next, the thickness (the bottomsectionof the cutting head) needs to be calculated by
the same method. However, the location of the force will create an eccentric loading

scenario (Figure 5.88).

171060 M

F 3
L J

iy
283 mm+ E

Figure5.88:Eccentric loading of cutting head

Using the samanethod of calculatiorand solving for ¢18 the calculation yields a

minimumthicknessof 55 mm (seé\ppendix G8.2
5.6.4 Insert Design

The insert holds the blade in plagggure 5.89 and acts as a bar between the blade
and the cutting heads shearing requires 1711kN of force, it is reasonabl®e assune
that the stregson this tool would be extremely high, especially for parts ohthesing
directly supporting the blade. Havinlge bladedirectly supportedoy the cutting head
would create an area of high stress. Theppse of this componeig to increasethe
bearirg area onhe cutting head and to lower the stress. The shape that will be designed
here is subject teefinementas with the pds designed heiia the firstprinciples section)
using the simulatiopackagen Solidworks. The dimensions of thenearing blade will
be used as the starting dimensionstfa insert. Assuming the blade is being pushed
down onto the insert with the sanforce required to she#rerebar, the bearing stress
between the blade and the ingertalculated tde 938 MPa(Figure 5.90. The Hade

dimensions are shown Figures5.85and5.86
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Insert

Figures.89: The Insert with blade (mert Is highlighted In blue)
Multiplying this bearing stress by the factor of safety.5 gives the required yield stress

of 1.4 GPa. This stress is above the allowable stress of D2 toabsie2IGPabut below
the allowable stress of ASSAB PM30 SuperClean sie@.4 GPa. As mentioned in
Section 5.1.2PM30 will be used for the iest.

Bearing surface
between cutting
head and insert

28.75 mm

FE

Bearing area
of blade

‘2/"

Omm

Figure5.90 Dimensions of inserThe red square indicates bearing area of bla

Using the allowable stress of the housing of 306 MRa minimum bearing width
between the insert and the cutting head is calculated to be w = 2Bigure(5.91). The

20 mm thick wall (perpendicular twd is there to providanextra beang surface area
whichwould make the distribution of stres@reeven on the cutting head. A Solidrks
simulation will have to be performed to determine if this wall thickness igcurf to
distribute the stress, and modify the insertaccordinglyif the stresses are above the
allowablelimit (Appendix G for calculation) It was found that the shape of the insert
(Figure 5.90 still exerted stress over the allow able stress of the magnesium alloy,
Therefore the insert was modified on SolidworkseSection 6.4ndFigure 6.38).
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5.6.5 Rebar Bending Stopper Blo&opper Screvand Cap Design

The next feature on the housititat experiences a high load is the support block for
bendingtherebar(Figure 5.91). Assuming the rebar makes contacthe middle of the
forming wheel| the distance from this point to the housing wall will be 23 (Rigure

5.92. With force being applied away from the surface of the housing, bending of the
support block will occurKnowing the allowablestress of the magniesn alloy, andthe

force acting on the stopper blo¢ke minimum thicknessan be determined

Stopper

Block
Stopper
Screw

Figures.91 Rebar stopper block with stopper scre

Stopper screw
8204.5 N going
1
—»

into the page

23 mm

Figure5.92 Distance from centre of stopper screw to wall of housing

Figure5.93 Simplified diagram of rebar bending stopper blocl
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There is however a possibility that the user may inadvertently place the rebar at the top
of the stopper blocknd not on the stoppscrew To mitigate this riskthe calculation

for the block thickness is calculated for the full height of the block (42Frgure 5.93).

As a result, the minimum thickness of the stopper block is 13Ammendix G111

Due to the high forces from thebar acting on the rebar stopperew(Figure5.94), the
contact stresses between the rebar and the rebar stopper bstbrieedetermined. The
loading scenario can be simplified down to a cylinder on a flat plane. The calculation
yields a result ofl.22 GPa aatig directly on the bolt. As grade 1M8lts havea yield

stress of 940 MPa, a metal cap with a larger diameter (to reduce the contact stress) will
need to be pred#ted over the bolt head to prevent the head from cracRihgcap will

be onstructed of D2 tool steel, the calculated contact stress between the stp@pet ca
rebaris 731 MPa(seeAppendix G11.pand is below its allowable strest1.24 GPa.

15 mm
-«
Stopper screw cap
82045N
14 mMmm=0 -

Figure5.94 Possible loading conditions on bender stopper bolt

There is aigh chance that the force applied to the bolt will not be placehe centre of

the bolt. Therefore, bending will most likely occUisingthebending moment caused by

the 82 kN force Figure 5.94), theallowable stressaf r ad e 1 Qi=@&6.06MPR)t ( G
and assuminghat the screwis fixed at one end, theinimum diameterof the boltis
calculatedo be 14 mm (seAppendix G11.p
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5.6.6 Shearing Rebar Stopper Screw and Cap Design
The same calculatioto determine the contact stress and diameter of the stopperiscrew
performed for theebarshearingstgoper screwFirst the force acting on this screw needs

to be calculatedthis is achieved byreating the rebar as a beam and calculating the

reactionforcescreated by the blad#uringsheaing (Figure 5.95).

171060 N

Stﬂpper-._.__,_* Fa

Rebar Fa F Blade

-+ -t >
3.175 mm 131.5 mm

Figure5.95 Forces created by shearing force. Whetes fhe blade attached to the housil
and keis the stopper support screw

The reaction forceba and g aredeermined to be 1668 kN and 413 kN respectively
(seeAppendix G1B). With a force of 413 kN, andthe allowable stress of a grade 10.9

bolt (626.6 MPg; the same calculation proceduseused to calculate the dimensions of

this stopper screw. The stopmarew will have a minimum diameter of 10 mm and a
bolt-cap (made of D2 steel) diameter of 30 mm. As the cap is the same size as the bending
stopper cap and with a lower force acting on it, it can be assumed that the stress will be
lower than the allowablstress of D2 steel (ségpendix 1.3).

5.6.7 Panel Securing Gearbox and Motor Design

The mounting blocksHigure 5.96) for the gearbox and bolt holes that secure the panel
onto the housing isiext to be designed (seAppendix Gl12for calculations). The
following assumptions are madee panel is rigid, the mounting blocks are assumed to
be uniformrectangulacantilevers, the panel is made of 583868 aluminium alloy, and

the forces are distributed evenly. The reason for having the gearbox raisedsufifftte

of the panel is due to the dimensions of the electric motor that is mounted on the exterior
of the panellt should be noted thahé¢ panehasalreadybeentaken into consideration
during the analysis of the housing. The priatigiresses of ement H show the stresses

of the acting on the panel.
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Horizontal
mounting
blocks

Vertical

mounting
blocks

Figure5.96. Panelsecuring motor and gearbox

First, the forces acting on the moungt blocks need to be calculated. There are two
possible sources of the forces acting on these mounting blocks. The first force comes from
the drive shaft when the rebar is being sheared, and the second force comes from the
torque of the first stage rirgparof the gearboxKnowing the upwards net force from the
drive shaft (3% kN), and the force from torque (B%N), the maximum force aictg on

a maunting block is 129 kN (see Section 5.5.2)%as shown inFigure 5.97. The
dimensions of the mounting blocks are determined by the dimensions of the motor, and

by the dimensions of the finished housing.

43 mm
-

44.35 mm

30 mm

12935 N
Figure5.97: Force acting on gearbox vertical mounting block on panel

Knowing the bending moment, arlde dimensios of the mounting feethe bending
stress of the vertical mounting blocks is calculated to be 56.7 (Mp@endix G1Zor

calculation)
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Bending streswill also occuron the horizontal mounting blocks. However, the force on
these mounting blocks will Hess, as the force from the torquel(®8N per foo) is acting
perpendicularly to the force from the main drive sha8{%N per foo) as shown in
Figure 5.98 The bending stress of the horizontal mounting blocks caused by the main
drive shaft is 64.1 M&(seeAppendix G12or calculation)

43 mim

___30mm_ I - 3055 N

-+ >
44,35 mm

9871.28 N

Figure5.98 Forcesacting on gearbox horizontal mounting bloak thepanel

The stress created by the forc& A (Figure 5.97) does require calculatiohe vertical
mounting blocks Kigure 5.97) are of the same dimensions and havegaerforce of

129 kN applied in the same direati asthe 31 kN force shown irFigure 5.98

To securethe panel onto the housing will require six bolts located near the edges of the
panel (Figure 5.99 with the assumption that the forces are evenly distributed. The
maximum force that will be experieed bythe bolts will need to be calculated; the bolt
closest to the gearbox will most likely experience the greatest amount of force.

Screw holes
for mounting

screw holes [ ) : motor

[ .
for mounting 178 mm
to housing T 1

- n Motor and

‘\'\\ gearbox
Screw holes panel
for mounting\ i \\ Hole for
gearbox L] ‘ electric
cables

]
Figure5.99 Panel showing closest bolt hole to centre of gearbox

Using the highest possible force created by the gearbox tordukNBand the force
from the drive shaft (39 kN), theforceacting on each bolt is determined to b I8N.
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Withc | as s 8a =8213B6 MRa) the(dldmeter of the six bolts securing the panel
the housing can be solved using the allowable shear stress. A minimum bolt diameter of
8 mm is determined. The diamet@fsthe bolts securing the gearbtxthe panel wre

determined in Section 5.5.2.6.
5.6.8 Handle Design

Thefinal pars of the housingirethe handlesThe handle supportsill be cast as part of

the housing. From Solidworks, the estimated mass of the tool (including the battery) is
57 kg.From the resaah gathered irBection 4.1landas themass of theool is over the
allowable mass for a single person, liftwill require a minimum of at least two handles.
These handles will have a silicon rubber exterior with a metal &twe purpose of the
metal ore isto protecthesilicon rubber from wear and tear from the rod running through
the handle Kigure 5.100. The metal core will be made from stainless steel for its

resistance to corrosion.

Silicon handle

\\\
Do

Metal core =~

Figure5.10Q Handles of the rebar cutter and bender. Metal core is indicated in grey ar
silicon indiated in black

The averagevidth of an adult hand is 100 mm as men&dSection 4.1However, the
width of the handle will betl20 mm to give extra roonwith a clearance o#0 mm
clearancebetween the rubber handle and the houfinghe hand to fitFigure 5.102.
Knowing the force due to the mass of the tdloé hante supports and rod (running
through the core of the handle) can be designed.
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Figure5.101 Handle supports on housing
Each handle support will be designed with the full weight of the tool acting on it. The

worstcase scenario is that the tool is lifted using just one of the smdhby one of its

supportswhichis a situation thais likely to occur

40 mm
Wall of -
housing '\_
' 30 mm
Handle -
support \Silimn
< > handle
90 mm

Figure5.102 Dimensions of the handle support
The handle supports will bend most easily in the configuration shoWwigure 5.103

For this orientation to occur, the tool will have to be on its side wierebar is keing

bent.

90 mm

It- - MNA

T —

50 mim
559.7 N

Figure5.103 Bending of handle supptowith full weight acting on it when
tool is on its side
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Knowing the allowable stress of the magnesium alloy and the other dimensions shown in

Figure5.103 t he t hi c k n e siscaldulatéd toob&0 mimh(seeAppengidp or t
G13.1).

90 mm

v

Figure5.104 Bending of handle support wifll weight acting on it when tool is on its sic

To check that the bending stresses atevibéhe allowable stress of the handle supports
when the tool is carried in the upright positidgAgure 5.109, the samanethod of
calculation is used (se&ppendix G13.)lgiving a stress of 12 MPavhich is below the

allowable stress of magnesium all®p6 MPa).

Thediameter of the rod that will run through the core of the hamelgls to be defined.

It is assumed thdhere is a possibility that only om@andle will support the entire mass

of the tool. As the rod is supported on both sides, a doulde sbenario will occur. AISI

1141 medium carbopRg= s6é &@ |aMvadl4100 bvVERiau280each d( U
MPa). Since he forces will be divided equally between the handle supportse
calculation yields a diameter of 1.2 mm (gg®pendixG13.2). However, t was decided

that abolt of adiameterof 16 mm would be a better option
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5.7 Conclusion of First Principles Analysis

In this chaptera materials selection fordividual components of the tool has bearried

out The materials selectiowas based on density, strength, and the comporent
application Having defined the material#je forces and torques required to shear and
bend 20 mm rebar were calculated based oB@B&rebar material properties Bection

2.4.3 The shearing and beimg) forces were then used to determine the forces acting on
shafts, gearbox, shearimgechanism, and the housingor@ponentswith a complex
shapesuch as the housing, were then simplified to their basic shapes in which the forces
were then applied to detaine thér stressesin the following chapter, each component

will be simulated in Solidwork$o obtain a more accurate stress result based on their

original shape.
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6 Finite Element Analysis

Having calculated the dimens®hased on the material propesand forces acting on
each componenh Chapter 5a finite element analysis was performed to determine a
more accurate stress experienced by each compdiesianalysis is required as the first
principles analysis calculations were based on theldietpshapes of the individual
components.Due to the limitations of Solidworkssome loading conditions were

approximated.

6.1 Linkage andSlider Mechanism

Sliding support applied
to bottom of slider

-~

Fixed supports applied
to 5 Bolt holes (one not A 171060 N
in view)

Figure6.1: Assembled linkage and slider mechanism simulation
The simulation of the linkage and slider mechanism does not include the(&dathes
would havebeen designed to withstand the shear fordeg)rderto simulate thévearing
stress on théushings and the pins, it was necessarsirwlate the whole mechanism
(Figure 6.1). The hinge plate was fixed the bolt holesln addition, he bdtom sides of
the slider vere fixed as a sliding surfacgallowing linear movement, but no vertical
movement)and he shearing forcef 20 mm rebais thenapplied to the edge ttieblade.
From the simulatiopall the stresses of the componefigishingsand pinswere below
the allowable stressf their respective materialsrom the simulation, the highest stress
the bushings experience is 220 MRehich is below the allowable stress of nickel
aluminium alloy (334 MPaowever, only the top edge of tskderand the corners of
hinge ABwereslightly above the allowable streds2 GPa)pf D2 steel Figure 6.2). As
the difference between the simulated stress and the allowable stress were relatively small

no changes to the slider werade.
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171060 N

1.402ES Pa LSS

1.419E9 Pa

Figure6.2: (Top) Close up of stress concentration of 1.28 GPa on hinge £
(Bottom) Close up obp of slider showingvo nodes indicating a maximum
stress of 1.4 and 1.419 GPa

Eachlinkage was then simulated with the forces calculat&®ertion $.3. Starting with
hingeAB (Figure 6.3), as theresultanforce acting on this hinge is at an andghe forces

are split into two componen(Bx = 695 kN, and | = 584 kN). Theseforces aredivided
evenly between the two suppowvtgh the fixed supports applied to the bolt holesom

the simulationthe highest stressg860 MPa)occur around the bottom of the bolt holes
and the pin support3his simulation also shasthat the highesttress that the bushings
experiences is 220 MPa, which is below the allowable stress of nickel aluminium alloy
(334 MPa).



112

Fixed
SUppOf‘tS von Mises NmA Y

8 S5+ 008
' 7 48% 008
B 1.102e.00

A0

§ Tes 08
L SOVtes 08
4504 +00
) S8Tes00
B 25704008
2154+ 000

1A es 8
7186001
2 A0 00

— Hekd Mrenge | S560e 009

F,=58381N

F,=69576 N

Figure6.3: Simulation ohinge ABshowing maximum stress of 860 MPa

Next, thelinkageAB is simulated(Figure 6.4). The linkage has a fixed suppeaqpplied

at one ed anda force a of 454 kN acting at the opposite enBigure 6.4). Note, the
forces are divided evenly between the two linkagfesrefore, only one simulation was
required FromFigure 6.4, the highest stress is located at the bottom half of the hdle tha
connects with the AB BC pi(273 MPa) However, the stresses are below the alole
stress of the D2 stefl.2 GPa)

von Mises N/mA2)
27360 08
2508 e+ 005

L 2206 0S8

. 208 e D8

_ 1858

- 158 e (D8
1,30 05

1 1R e 08

D s1Be 7

. GBRer DT

A58 ee DT
2319e+ QD7
4317 05

— Yield streng th: 1860e+005

Fixed support

Figure6.4: Simulation of linkage AB showing maximum stress of 273 MPa
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The next simulation is for thinkageBC (Figure 6.5). For this simulationthe two pin
supports are fixedand the fore of 1822 kN is appliedto the end of the linkage that

connecsto the slider pin.

el gt 1A -003

Fixed supports

182203 N

Figure6.5: Simulation of linkage BC shogimaximum stress of 443 MPa

FromFigure 6.5, the highest stre4443 MPa)occurs around the base of the two supports
and the top bearing surface where the force is being applied. Thakls@sme high
stresses occurring on the edges of the two supports; however, the stresses are still below

the allowable stress of 1.24 GPa.

The simulationis performedby using theforce requiredto shearthe rebar(1711 kN).
The forceis appliedat the location of where the blade will be moun{Edjure 6.6). The
two pinsupportsconnecting linkage B@refixed, andthe bottom of the slider ishosen

to bea sliding surface.

von Mizes [N A2

Fixed supports

10%¢ + 005

l 1007 e + 008
. A152¢ 0008
0.237Te 00
732e 00

. 6A0Ge + 000
SATe 08

l 4.576e + 0B
1661+ 008
2,746 + 002

1831e 0B
l 2154 + 00
2ASTe 008
= 171060 N - Yield srength: 1.860e« 009

Sliding support

Figure6.6: Simulation of the slider with 171060 N applied showing maximum stress of 1 GPa
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FromFigure 6.6, thestresses mainly affect tisenaller section ahe slider. However, the
stresses from this section of the slideroughly 700 MPa. The stress concentrations are
locatedatthe edges of the holéisat areprovided for the screws of the bladegistering
values 0f1.08 GPaAlthough it shouldbe notedthat the simulation has rexrewsin
place this would meanthat Solidworks is takng the screw holegas empty space

thereforetheholes will deform which then causes these high stresses.
6.11 Column Theory Simulations

To verify the columns theoryatculations further simulations were performed on
linkages AB, BC and the slider. For #sesimulatiors, the critical loads calculated in
Section 5.5.&reused Beginning with the sliderRigure 6.7), a force of 21.8 MN was

divided equally and applied the pin holdersyith the top of the slidebeingfixed. The

simulation produced a maximum stress of 315 GPa.

yon Mises (N/m*~2)
3.1526+011

285%e+0N1

L 2.62TesON
. 236401
. 2.%2¢sOM
_ 183%+0O1
m 1.576¢+011
L 1.3%es0M1
L 1051esO

| 7884¢+010

5.25T¢+010
2.631¢+010
4.437e+ 007

—p Tield strength: 1.360e+009

Figure6.7. Column theory simulation of slider. Maximum stress experienced is 315 GPa

The second simulation is performed on linkage ABj(re 6.8). One end of the linkage
is fixed while the other end has the criticald® of 66.3 MN applied to it. Frofigure
6.8, it can be seethatthe edges of the pin holes (where the force is applied) produce the

highest stresses. The highest stress produced is 399 GPa.
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von Mises (N/mA2)

3.9%3e+0M

66.3 MN ' 3.6626+011
A L 3.330eeOMm

Fixed support _ 2.997e+011
. 2.665e+0M
2.333e+011
2.000e+0M
1.663e+011
1.3362+0M
- 1.003e+011
6.70%+010
3.386+010
6.307e+ 008

—p Yield strength: 1.860e+009

Figure6.8: Column theory simulationf inkage AB. Maximum stress experienced is 399 GPa
The third simulations performed on linkagBC (Figure 6.9). The twepronged enaf

the linkage BCS fixed, and the critical force of 22 MN was applied atdppositeend.
The highest stresses occur on the edges of the chamfers and the edges of the holes for the

pins. The maximum stress from tisisnulation produces 47.4 GPa.

von Mues fNm 2|
4A70e e 10
l 4345¢+010
L 39504010

. 3555e+010

. 3180e+D10
2.766e+010
23e+010
1.576e+010
1.581¢4010

L 11864010
T.510e« 009

3.560e+009

i 1106+ 007
Fixed supports —p Yiekd strength: 186040009

22 MIN

Figure6.9: Column theory simulation of linkage BC. Maximum stress experienced is 47.4 GPa
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6.2 Bending Arm
To simulate the bending artRrigure 6.10), the force requiretb bendtherebar (53 kN)

is applied at the roller suppoBRue to the loading of the arnt is assumedhat only one

side ofeachsplinetoothis sharing the loadith the shaft.
One side of the spline tooth [ S R
has a fixed support applied ' ,mm,

. 3.10%+008
. 21t 008
_ 2AMes0m

2073e0 008
1727400
N 1es 08

L 103700

6392e+007
JASTe e 000
J260e+ 008

P Nid strength: 6700 « 000

Figure6.1Q Simulation of bending arnThe Stress concentration located on the spline gives a stres
414 MPa, while the highest stress on the main body of the arm is 238 MPa

The stress indicated the simulation shows that most of the stress is occurring between
the roller support and the spli238 MPa) However, there are stress concentratamn

the splinecorners Figure 6.11), but these stressé$14 MPajare still below the allowable
stresof ASTM A747 (446 MPa)

wvon Mises [N/m#”2)
4.145e+008
3.800e+008

- 3.455e+008
- 3.109e+008
. 2.764e+008

_ 2.418e+008

2073e+008
| 1.727e+008
L 1.382e+008

- 1.037e+008
6.912e+007
3.457e+007
3.263e+004

— Yield strength: 6,700e+006

Figure6.11 Closeup of stress concentration on bending arm showing maximum stress of
MPa
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Three stress readings were taken away from the stress cotioanff&ggure 6.12) to
determine the average stress caused by bgrmdithe spline tooththe average stress is
found to be 239 MRd he stress values will be comparedbection 6.5.5.

X ¥, Z Location:|-21.3,3.75,25.2 mm

2.925e+008 N/m#2
c

X Y, Z Location:|-20.2,3.75,25.7 mm

2.042e+008 Nfm~2

X, Y, Z Location:|-22.3,4.28,24.4 mm

2.238e+008 Nfm*2

Figure6.12 Three stress readings taken away from the stress concentratios gjivaverage
stress of 239 MPa
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6.3 Internal Transmission Components
6.3.1 1024:1 Gearbox Components

Starting with the first stage ringear (Figure 6.13 and 6.14), the forces (se€Section
55.2.9 caused by the torque and by the main drive shaft were applied to the feet of the

ring gear Thefront section of thetructure is fixedwhich allows the simulation to show
how the rest of the bgdreacts to these forcelsrom the simulationthe stresses on the
feet(59 MPa)remainwell below the allowable stresgaluminium 5056H18 (271 MPa)

The areas of high stress occur at the base of tharaatd the filletsstresses also occur

in the nterior of the body and on the bearing

3062 N

9871 N

von Mises (N'mA 3
5.50% «007

' 5410 007
| 4.918e 007

. AAZNe 00T

. 3955 <007

1 A% + 007
2.952e «007

2AG% 007

| 1960 «007

| 1 ATBe 4007

91 G + D06
4,535 + 005
3.378e + 004

Figure6.13 (Top) Loading conditions of the mounting feet of first stage ring gear (Bottom
Simulation of first stage ringear mounting feet showing maximum stress 8N\&Pa
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Fixed supports
on feet of
stage one ring
gear as shown
in Figure 171

6245.8 N

Figure6.15 Simulation of pins assembled in first stage gegr showing a maximum stress of 179 b

The nextpartof the first stage ringear to be simulatearethe pins that will act as teeth
for the cycloidl disc(Figure 6.15. It is again assumed that only threespame in contact
with the cycloidl disc at anygiventime, and the forcés divided evenly between the
three pins (24 kN per pin). The mounting feet of the first stage riggar is fixed at the
bolt holes to simulate it being attached to the housirgnRhesimulation Figure6.15),
the highest stresses occur around the edges between the pitiseay gear The
simulationindicates that there is 180 MPa of stress on both thegaag andhe pins.
However, the stredsom the simulations below he allowable stresses of bdth steel
and aluminium 5056 H18f the pin and the ringear respectively
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9255 N onring
gear bearing
[ mount

1579 N per

/ screw hole vor Mises (mAY
1.2000 « 005

11748 +000

5. 1.06Te « Q05
. 9.00% Q07

. 8.5)% Q07

Fixed .
supports on
feet bolt
holes

L TAV e 007

H 6.40Te + 00T
» B 33160007
1 ]

L 4278 +007
l\ 3,200 + Q07

.'\ 2.142¢ + Q07
\ 1.076¢ + 007
\ 9,705 +004

\- Fixed

\ supports
_—" onfeet
bolt holes

/ .
55507 N on central

disc bearing

FHgure6.16. Simulation of first stage ring gear widl the forcesapplied Maximum stressdicatedis
128 MPa

The last simulation for the first stage riggar Figure 6.16) involves utilising all the
possible forces that will be actiran thegearboxwhenit is in operationlt is assumed

that the forces will move around the gearbox as the components within. ristate
simulation is performed for the worst case where all the forces are acting in the same
direction. The net force coming from ttleve shaft and the internal shaft of the gper

is divided evenly between the 25 screw haedis 158 kN (per holg. The total force
acting on the cent r9%N,thdforees dcting anthé three pibseob r i 1
the ringgear are &5 kN (per pin). There is also a force exerted by the internal shaft on
the rear of the stage one riggar (925kN). The boltholes of the mounting feet are fixed

to simulate theyearboxbeingattached to the housing. From thmslation the areas of

high dressoccuraround the bolholes and fillets of the mounting feet. The only other
stress concentration occurs on the edge of the inner diameter of the bearing for the central
disc.None of the stresses computed by Seticks(128 MPajis over the allowald stress

of the first stage ringead material(271 MPa)
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The next component of the gearbox to be simulaelde cycloial disc (Figure 6.17).
As the dimensions and loading of the two cydibidiscs are identicalonly one

simulation is required

Fixed supports

von Mise s (Nm* 2)

100 Se+ O

3
s 884884888883

By

g -

e Sliding support

Figure6.17: Cycloi@l disc with 6249.8 N applied to one side of each tooth, simulation showing a
maximum stress of 102 MPa

A sliding fixture isappliedto the centre of the cycload disc, and thehree centrapin-
holes are fixedthis is done to mimic the pmfrom the central disc pushing against the
cycloidal disc It is assumed that only three teeth @& tycloidal disc are engaged with
the ringgear at angiventime and that the forces are divided evenlgf&N per tooth).
From the simulatioifFigure 6.17), the highest stresfl02 MPa)occurs at the base of the

tooth; however, the stresses are belogvallowable stress of 640 MPa.

A simulationis needed for the contact stress between the central pin bushing and the
cycloidal disc this was achievediSolidvorks byapplying a force ontthe previously
calculated contact area dimensions between thieifogiand the cycloidl disc made of
copper beryllium and 4142 steebspectively(Figure 6.18. Having drawn the contact
arega small extrusion of 0.0001 mm was made so that thg9@@2lkN) could be applied

onto ths area
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Figure6.18 (Top) Boundary conditions. (Bottopproximation of contact stress between cycibidisc
and central disbushing, showing maximum stress of 346 MPa

From the simulation, theontact stress between the cycididisc and the bushing gives

a maximum stress of 346 MPa. The stress produced from this simulation is below the
allowable stress of the copper beryllié#3.3 MPajand the 4142 steé40 MPa)
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The next component simulatéxlthe central discHigure 6.19. The outerdiameter is

definedas a sliding support to simulatee outer bearing.

Sliding support

9317 N per pin

Fixed support
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Figure6.19 (Top) Boundary conditions. (Botto@imulation of central disc showing maximum stre

of 360 MPa

The three pins on the other side of temtral disc are fixed to simulate the Ideain the
cycloidal disc on the opposite sidi.is assumed that the forces acting on theehgins
from the cycloi@l disc areevenly distributed (32 KN per pin) however, the force
directions could onlye approximated as Solebrks has no provisionfer controlling
the directions of the forces accuratdfyom the simulationthe highest stress occurs at
the base of theins (360 MPa) butit is below the allowable stress 4140 steel493
MP3).
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The next componenb besimulatedis the internal shift that drives the two cycloidal
discs around the ringear(Figure 6.20. In orderto simulate this parboth end sections
were fixed as sliding supports to actesmringsA torque of 1.5 Nm waapplied as this
is the maximum rated torquéat the mobr can produceThe forces exerted bthe
cycloidal discs are applied ttihe two eccentric sections of the shaftilwere simulated
in boththe vertical and horizontal directiorSigure 6.20and6.21).

9204.2 N

voo Mises N4 Y

Sliding
support

25170000
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¥ B0 « 000
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L 23Tes000

1429+ 000

T8¢« 006

108400 005
leed P Vel Srengthi 1 050e+ 015
support

1.5 Nm applied

to whole shaft
9255 N

Figure6.20 Simulation of gearbox shaft with forces from the cydbdisc applied in theertical
direction
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Sliding support —

Figure6.21 Simulation of gearbox shaft with forces from the cy@bdisc applied in the
horizontal direction

Both simulations indicatéhatthe stresssarelow, with the highest stress occurringpen
the forcesareapplied inthehorizontal direction (95.5 MPa). The high stresaesmainly
occurring at the fillets located near the eccentric sections of the lshidtestill below
the allavable stress of 6580 steel (700 MPa)
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Thenextcomponento be simulateds the second stage riggar(Figure 6.22. The shaft
that also forms part of the second stage gegr will be discussed in the following
section. The simulatioconductedereis similar to the simulation performed for the first
stage ringgear.Theshaft bé&ind thering gear is fixed, the force frothe internal shaft is
applied tathe bearing holder (25kN), and it is assumed that only three pins engage with
the cycloial disc with the forces distributed ever(§.25 kN per tooth)

von Mises (Nn ~2)

Fixed support

629 e« 008

. S.773e« 008
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Figure6.22 Simulation of second stage riggar with maximum stress of 629
MPa on pin@nd 468 MPa on the ring gea

Thestress experienced by the second stagegaag is 468 MPa which is slightly above
the allowable stress of 6580 stedlith a factor of safety of 1.5, the allowable stress is
466.6MPafor diameterover 161 mmHowever, sincéhe difference is smalho design
changes are necessary. The pimsvever experiencea much higher stress (629 MRa)
exceedinghe allowablestresdor L2 steel This can be remedied by having the L2 steel
heattreated which changeshe yield stresgo1 7 9 2 MR 4194 MPa).
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The final part of the gearbox is the lid of the gearli€igyre 6.23. The screw holes are
fixed to simulate the screws holding the lid in place, and a force.5k8Bis gplied to
the bore of the lido simulate the force from the main drive shaft

von Mises (N/fmA2)

Fixed 687164007
support 6.2986+007
applied 5.1262+007
to the _ 5.154e+007
25 screw . 458124007
holes . 4009+007
B 4360007

. 2864++007

2.292e+007

L L7159+ 007

39485 N 1.1472+007
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2.1062+004

— Tield strength: 4.070e + 008

Figure6.23 Simulation of gearbox lid, showing a maximum stress of 68 MPa

From the simulationmostof the stresgan be found athe top half the of the lid. The
location of the high stressas the split line feature (allows the fortwebe applied to half
of the bore) Solidworksassumeshis to be an edge rather than a continuous ciitvis
high stresgould potentially be an errofhe stres®f 68 MPais experienced by this part
andis still well below the allowable stres$ aluminium 5056 H1§271 MPa).

It must be noted that the forces used in both thegiiatiples and the simulations will
never be reached. The forces were derived fileenmaximum possible torqukat the
motor canproduce witha gear ratio of 1024:1. The a&l maximum torqueeached
during operationvill be 933.3 Nmas opposed to thessumed 536 Nm maximum output

torque
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6.3.2 Main Drive Shaftand Keyvay

The main drive shaftoperates both the shearing and bending functions of the tool.
However, orny one function is used at agyventime. The first simulabn on the drive
shaftis the bending stressaused bythe shearingof rebar Figure 6.24). The shaft is
assembledbetween twdixed plates that represent the wall of the housing the lid of
thegearboxthe housing simulation results will be discussefention 6.1 Both the key

and the cam arassemblednto the shaft so that the for¢e2.9 kN) canbe appliedo the
correct area

62932.4 N
|

Fixed
supports

Figure6.24: Simulation of bending when tool is shearing of main drive s

As expectedthe stresses are mainly foedsarownd the edges of the cam and wallbe
highest stresthatthe shaft experiences i§AMPa, while the cam experiences a stress
of 884 MPa, and the key experiences a stress of 536.MRa only componenh this
assembly that exceeds its yield stresseaslibl18 steekey ( vi= 530 MPa) 1144 carbon
steel is selectethstead 1144 steel has a yield stress of 655 MPa which is more than
sufficient for the key. The higist stress experienced at the corners of the a mé s
keyway, however the stres$668 MPa)is still below he canmateriad allowable stress

of 2.4 GPa.
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The next simulation on the shaft is the bending stesgedy bendingtherebar Figure
6.295. The forming wheel is used to allow the force.BlKN) to be appliedo the correct
location of the shaffThe same fixture conditions from the simulation $baftbending

due totherebar shear is used in this simulation.

von Mises (N/m*2)
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Figure6.25 (Left) Loading and fixed geometry (Ridgdghding simulation of shaftom rebar
bending

The simulation shows that the maximum stress experienced by the shaft is 47.2 MPa.

FromFigure 6.25 thestresses anmainly concentrated around the area of the spline.

The next simulatioms on the spline itselfRigure 6.26). The forcesacting on each spline
tooth (4.67 kN per splinetooth) were calculated from the maximum operational torque
(933.3 Nm)andthe radius of th shaft that supports the forming whdtis assumed that
the forces are distributed evenly between the 8 teeth of the.gphheone side of the
spline experiences this fordéais is to simulate the spline driving the bending arm when
therebar is bing bent
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Fixed support
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Figure6.26 Simulation of shaft spline, showing a maximum stress of 103 MPa

From the simulationit can be seen théhe maximum streshatthe spline experiences
is 188 MPa. The stresses are unifolyndistributed across the shaf#tith the highest

stresses occurring at the base and edges of the spline.

The keyway(Figure 6.27) is the next featurethat needs to be simulated. Using the
maximum operation torqué80 Nm, the cam is only used wh#re rebar is being
shearedand the radius of th&haft (0.033 m), the force acting on the keyway.48 &N.

Fixed support

Figure6.27 Simulation of keyway, maximum stress indicated is 47 MP;

The force is applied tthe keyway wallvhile the shaft is fixed. From the simulatighe
highest stresses occur at the top edge of the keyway. However, the stress is below the
allowable stress of the shatft.
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Finally, the shaft is simulatedging the maximum operational torque of 933.3 (figure

6.28. Thering gear section of the shaft will be fixed.

Fixed support

5
-

933.3 Nm

\

Al
BhBa8888888888:2

Figure6.28 Simulation of drive shaft, showing maximum stress of 66.7 MPa

The maximum stress that occurs when the shaft is under the maximum operational torque
(933.3 Nm) is 66.7 MPawith the highest steses locatedh the interior of the keyway

andat the corner between the shaft and the gy All the stresses from the simulation

are below the allowable stress of the 6580 steel (700 MPa).

6.3.3 Contact stress of Cam Follower, Forming Wheel, and @éhding
Arm Roller

To simulate the contact stressdshese componentan approximation had to be made

as Solidvorks does notave provisions foHertzian contact stress simulatioishe

dimensions of theontact areare calculatedusing the Hertzian stss formulagor the

component 6s r es [fseeSection &l.2).0These dimeasionacerihen

transferredo the component and the forces applied to the calculated areas.

The first simulation is the contact strésgween the cam anide follower (Figure 6.29).
The maximumcontactstress occurs at the peak of tb@m profile (at 150°)The
dimensiongalculated irSection 5L.2are used in the simulation&s the two components

are parallel to one another, a line contact is formed.
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Figure6.29 Approximated contact stress simulatiohcam, showing maximum stress of 1.75 GPa

The cambébs bore is fixed al on goftheshafhofthet s Kk ¢
main drive shaft. A force 2.9 kN is applied tahe contact area. From the simulatjon
the contact stress is much lower than the allowable stress of 2.3TGB@aame loading

and fixture conditions are used for the followeigire 6.30).
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Figure6.30 Approximated contact stress simulation of follower, showing maximum stress of 1.78
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The same contact dimensions are used, exbapthe contact area does not run the full
width of the follower as the cam is 2 mm shorter. The contact stresly slightly higher
than the canbut remains below the allowable stréssth components amadeof the

same material).

Next, the forming wheel is simulatedrigure 6.31). The contact stress occurs between
the rebar and forming wheel which perpendialar to each other; this gives a contact
shape of an ellips@he sameontact area shape occletween the bending arm roller

and the rebar.

13538 N
N,

e

S
" Fixed support

Figure6.31 Approximated contact stress simulatiof forming wheel, showing maximum str
of 1.48 GPa

The contact area for the forming wheel was calculated farttadier rebar bend diameter
(40mm) as his would givethehighestcontactstress $ection 5.2). From the simulation
aforce of 135 kN was applied to the contact area, andrtfaximum stress that occurs

on the forming wheel is 1.48 GRahich isbelow the allowable stress of 2.3 GPa.

The beading arm roller Figure 6.32 hasthe same simulation settisgexceptthat the
force applied to the contact area i83kN. It should also be notetiatas the bending

arm roller has a smaller diamettre contact area is also smaller.
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Figure6.32 Approximated contact stress simulation of bending arm roller, showing maximun
stress of 2.16 GPa

From the simulationthe maximum stress that occurs on the bending arm roller is 2.16
GPa. As contact stress@som theforming wheel andhe bending arm rollerare above
the ultimate tensile stress of the rebar (700 M#&) rebar will plasticayl deform when
being bent. However, this deformation is negligilas the contact area is smdlhe

deformationcreated on the rebarould not affecits mechanical properties.

6.4 Housing

As the housing is not fixed to any wall or solid structiire/as necessary f@imulations

to beperformedfor differentfixture orientatios. The purpose ofhesesimulationsis to
see howthe stresses change depending on the location of the fiktdieture will be
applied toawall where forcesre notdirectly acting on it In this casgthe top and rear
walls will be used in the simulationg a fixture is appliedo a wall where a force is
acting, the force would have a reduced effect on the rest of the hoU$iadfirst
simulation Figure 6.35 will have te top wall fixed and the forces associated with
shearingherebar applied. Certain components such as the slider, AB hinge, arsert

stopper screware alded in the simulatioto apply the forces accurately
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Unlike the first principles calculatigrthe simulation includes the webbing and other
features. The webbir(gimilar to a truss structures)the structural support for the housing
andallows the forces to be distributadound the housingVith numeroudorces acting

in multiple directions,tiis expectedhatthe stresses on the housing will be high.

Fixed support

51423 N

171060 N

Y !
4130N L 31367.7N F.=63576 N

F, = 5838.1N

Figure6.33 Forces acting on housing

A force of 1711 kN is applied to the insert,. 3 kN is applied to the shearing rebar
stopperand31.4 kN is applied to each of the supports of the sligignge AB hastwo
force conponents that will be divideévenly between the two supportsofal force
parallel to the housing is®b kN, and the total force perpendicular to the housingd3 5
kN). A force of32.6 kN is applied to the shaft bore, and the screw holes that fasten the
panel to the housing i@39.5 kN divided equally between the six holes. However, there
is also the force created by the torque from the gearborl8wateeds to beonsidered
Using the distance from the centre of the gearbox to the closest scresntib&epanel,
the maximum force created by the gearbox torque can be founddseen 5.6.7).
However, as the gearbox is exerting a toragiuill mean that one side of the panel will
exert an upwards forcgvhile on the opposite side the forces will d&ing downwards
(Figure 6.34).
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6580.8 N -1438.2N 14329 N 6580.8 N

Figure6.34: 6580.8 N (per screw &) from the drive shaft is acting on both sides of the hot
in the same direction, while the force due to torque, 1438 N (per screw hole), from the ge
acts in opposite directions

Due to the direction of the forces net force of & kN (per screw hole) will be exerted

on the right side while.24 kN (per screw hole) will be exerted on the left.

308 MPa

Figure6.35 Simulation of housing with top wall fixed with fordesm shearing rebar applied.
Maximum stress experienced by the housing &N3Pa
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From the simulation, thieighest stessoccurs at one corner of the housergindicated in
Figure 6.35 The stressoccurring at the corner of the housimgyslightly abovethe
allowable stresef the magnesium alloy (306 MP®#s the stress is only slightly over the
allowable stress, no #aon was needed as the difference is negligitsie¢here is a factor

of safety of 1.5

Fixed support

Figure6.36. Simulation of housing with panel fixed, simulation indicates maximum stre 89 diRa
The second fixture orientatiqffrigure 6.36) with the same forces, gives a much lower
maximum stress of8® MPa However, this stress is acting on the cuttie@d near the

insert instead of the back corner.

As part of the samigousingsimulation the insert igested for its maximum stredsigure
6.37). It is expected to be high as the shear force is dirletiedonto it from the blade.

171060 N

Figure6.37: Simulation of insert. Shearing force (1I7&N) exered onto blade
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Holes for
blade
screws

Figure6.38 Modified hsert. Acts as a barrier between tl
stresses from the blade and the housing

The simulation indicates that thmaximum stresexperienced by the insert is 2.24 GPa
which isjust under the allowable stress of 2.3 GPa (ASSAB PM30 SuperClean steel).
Thebasic shape of thasert(designed irSection 56.4) had to be modifiedhi Solidvorks

asit was found that the force acting on the insert caused high sttessasirelsewhere

on the cutting heaght theinterface between the housing and the ins€Hhj)s meanghat

the 1 nsertldad todha inceeased rednce these stressed the interface

between the insert and the cutting head

Thefollowing simulationsare performed to determine theestse®n the housingaused
by bendinghe rebar.Different fixture locations are usddr the bending simulatiorss
certain componentssed for shearinghe rebarare no longer exerting forcesvhich

allows panels with no direct forces acting on them to be fixed.

The thirdsimulation has the bottom of the housing fixBay(re 6.39. A force of8.2 kN

is applied to the rebar bending stepand a force 023.3 kN is applied horizontally on

the shaft supparfThe reactionforce from the drive shaf{4.41 kN) is assumed to be
divided evenlyon the six screw holesndthe force created by themaximum possible
torque (1536 Nm)of the gearboxis also assumed to be distributed evenly between the
screw holes of the housind.44 kKN per screw holecalculated for the previous

simulation).
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Figure6.39 Simulation of housing for rebar bending with bottom panel fixed. Maximum stress hot
experiences is 51 MPa

From the simulatiojthehighest stresses are mainly locabedhe panel that supports the
drive shaft and on the corners of timisingwhere thepanel isattached tgFigure 6.40.

However, themaximumstres (51 MPa) at the cornease below the allowable stress of

the magnesium alloy (306 MPa).

\ X 4
N /
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,." Vertical
Horizontal [ __ force 1439 N Horizontal
force 4403 N y-direction force 4403 N

x-direction
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support

Figure6.4Q High stresses located on the corners of the houlsorg the same simulatio
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The next simulation of the housing asthe same forces applied to the same locations.
However,this timethe fixture is applied to the back wall of the housikg(re 6.41).

With this fixture orientationthe stresses are mainly occurring on the corners and the top
wall of the housing. The aximum stresshatthe housing experiences is ol MPa,

which iswell below the allowable stress.
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Figure6.41 Simulation of rebar bending on housing with fixture applied to back wall. Maximum sti
experienced by housing is 80 MPa
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The next simulatiorhas the top panel fixed with the same loading conditiéigu(e
6.42). The stresses created by the forces maifigct the side wall that supports the shaft.

However, the maximum stress experienced by the housing is only 50 MPa.

Fixed support

SRR EEREEE
E SRR RN RN

Figure6.42 Simulation é rebar bending on housing with fixture applied to top wall. Maximum st
experienced by housing is 50 MPa

6.5 Comparison of Finite Element Analysis and First Principles Results

From the simulations in the previous sections, most efsthesses experienced by the
individual components are either well below or at the allowable stresses of their respective
materials. However, there were a few components where the allowable stress was
exceeded, but only by a small marghs the stress wgonly sliditly over the allowable
stress, the differends negligible. It is expected that the simulation results will differ
from the first principlegesults as the first principle analysisas based osimplified
versiors of the componegatThe purpse of simplifying the components was to make the
calculations easier to conduct by haAd:omparison between the FEA and first principle

results will be made with the major components of the tool
6.5.1 Gearbox

Most of the values from the FEA analysis al@se to the first principles analygiable
14). However, there are few components with larger differengbgh is due taising

approximate shapes in tfiest principles The largest difference between the FEA and
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first principles result comes froine bending of the stage one ring gear. The highest
stresses occur around the bottom of the mounting feet. However, the FEA analysis yields
an average stress of 20 MPa, which is similar to the first principles, reslidiating the

calculation

Tablel4: Gearbox FEA and first principles comparison

First Principles Analysis FEA (highest stress)
[MPa] [MPa]
Ring gear stage one 271 179
force onmetal between
teeth(Figure 6.15
Ring gear stage two 466 468
force onmetal between
teeth(Figure 6.22)
Ring gear stage one 16 128
bending Figure 6.16
Cycloidal disc teeth 70 101
(Figure6.17)
Central disc pins 493 360
(Figure 6.19
Lid (Figure6.23 54 68

6.5.2 ShearingMechanisnLinkages

Comparing the first principles result of Linkage AB to the FEA tgddble15), a large
differencecan be noticedThe high stresses are occurring at the edges of the pin holes
these stress concentrations were not taken into account for the first principles analysis.
When the average stress of the component is measusteess of 89 GPa is produced,

which isclose to the first principles result.

The high stresses are mainly occurring on the pin holes and on the corners of linkage BC
(Figure6.9). However, when the average stress of the component is measured, aa averag
stress of 1@Pa is foundThis islower than the first principles reswthichis expected

as the first principles analysis did not take into account the chamfers that were used in the
FEA model.

The column theory calculation of the slider vdagdedinto three sections-{gure 5.58.

In orderto compare with the FEA resuythe critical stress of the smallest section of the
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slider (the blade mount section) will be used. The calculated critical stress of the blade
mount section is 17.3 GPwhen compred to the FEA result 15 GPa there is a
significant difference. However, the average stresZis&sPa which is similar to the

critical stress calculated in the first principles.

The stress experiemté®y Hinge AB is close to the FEA result. The difface in stress
is due to the FEA model having chamfers added tigufe 6.3) which reduce any stress

concentrations.

Tablel5: Shearing mechanism linkages FEA and first principles comparison

First Principles Analysis

FEA (highest stress)

Linkage AB(Figure 105 GPa 399GPa
6.9)

Linkage BC(Figure 20 GPa 47 GPa
6.9

Slider(Figure 6.7) 17.3 GPa 315GPa

Hinge AB (Figure 6.3 1.2 GPa 860 MPa

6.5.3 Housing

To calculate the stress on the walls of the hoygheyhousing was approximated as a
hollow rectangular tube. The calculation does not take into account stress concentrations.
The large difference between the first principles and the FEA ré3alide 16) is due to

the stress concentrations on the corners of the houtsingever, the average steasf the
housingwallsfrom the FEA analysis 62 MPa (top wall fixedrigure 6.35, and53 MPa

(back wall fixed Figure 6.36) which is much closer to the first principles results.

Tablel6: Housing FEA and first principles comparison

First Principles Analysis FEA (highest stress)
[MPa] [MPa]
55 289
Back wall fixed(Figure
6.39
Top wall fixed(Figure 71 308
6.39




143
6.5.4 Drive Shaft

The keyway bearing stress from the first principles calculasiomuchsmaller than the
stress obtained through FEA.must be noted that the 47 MPa stress occurs along the
edge of the keywayHgure 6.26. When an average stress reading is taken fitan

bearing area of the keyway, a stress of 20.5 MPa is produced.

From theTablel7, the first principles stress calctda for the spline is much higher than
the FEA resul{Figure6.27). This is because the spline tooth in the FEA simulation model
is not treated as a cantileveile the first principles calculation assumes the tooth to be

a cantilever.

Tablel7: Driveshaft FEA and first principles comparison

First Principles Analysis

FEA (highest stress)

[MPa] [MPa]
Keyway (Figure 6.26) 21.4 47
Spline(Figure 6.27) 232 103

6.5.5 Bending Arm

Table 18 showsthatthere ae differences between the bending stress céed by the
methods of first principleand the FEA result3 he higher bending stresalculatedising

first principlesanalysis,assumed that the bendiagm hada rectanglar crosssection
thismeant thaéextra materialvas removean either side berg arm Figure5.10. The

first principles calculation gives a much smaller stress value when compared to the FEA
result. The 414 MPa stress is due to the stress concentration as sHogure6.11
However, the stress reading away from the stress ntratien yields a result of 239 MPa
(Figure 6.10.

Tablel8: Bending arm FEA and first principles comparison

First Principles Analysis FEA (highest stress)
[MPa] [MPa]
Bending streséFigure 350 238
6.10
Spline(Figure 6.12 232 414
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6.5.6 Contact Sesses

As Solidworks was not able to simulate the contact stresses of two independent bodies
pressing into one another, an approximation was maderder © obtain the contact
stresses, the calculated force acting on that part is applied to a smalkdxtuion the

surface ofthe pat. This extruded cut area uses the contact area dimensions calculated
from first principles. FronTable19, the first principles Hertzian contact stressmuch

hi gher than the FEA r esulctan, bas ofivkearl tyz icail
(LeCain, 2011).

Tablel9: Contact stress FEA and first principles comparison

First Principles Finite Element Analysis

Analysis [GPa] (highest stress) [GPa]
Forming wheel Figure 6.31) 2.47 1.48
Bending arm rollerKigure 6.32 2.02 2.16
Cam Figure 6.29 2.36 1.74
Cycloidal disc Figure6.18 0.588 0.346

6.5.7Potential Causes in Variation BEA and First PrincipleAnalysis

From the stresscomparisons between the FEA and first principles analifsse isa
noticeablevariancen the resultsThe simulatiordiscretiseshe component into multiple
elements in which it calculates the streminof each element, the ssestrainof each
element will then affect the stresgessof all adjacentelements. The first praiples
analysis however, assumes the whole compoasm singleelement, therefore only
calculating an average stresShe highest stress from the simulation are stress
concentrationsletected byhe Solidworkssimulation packagel he stress concentrati®n
most likely occu due to theboundary conditionghat have been appliein the
simulatiors. For example, inthe Solidworks simulation of the housingthe loading
conditionsaremore accurately portrayed with one side of the houssegivinghigher
forces (Figure 6.33. As the forces are not didgiuted evenly, certain locatiord the
component willdevelopmuch highestresgs In contrast for the first principles analysis

of the housingit is assumed that the forces are evenly distributedtbe aproximated
hollow square tubingAs previously mentioned, the first principle analysis only models
the components in its simplifigdrm, which will also contribute to the variance between
the FEA and first principles resulta conclusionwith the uneva forcedistributions and
majordifferences in geometryhe resultof the FEA simulationsvill be different when
compared tahesimplified calculations of thérst principle analysis.



145

7 Circuitry

A battery that supplie36 V (DeWalt DCB360) will be sed to power the tool; however,
the motoronly requires 28 V. A voltage divider is required to lower Wodtage being
applied to the motoiTo calculate the resistance requirBduation 7.lisusedA1 00 kY

resistor is chosen for one of the resistors, which allows the second resistor to be

calculated.
: @Y (7.1)
@ Y Y
, o@'yY .. .
CW TRy Y ouviH

Knowing both the resistor valuéise circuit diagram can be drawfigure 7.1).

W

SWi1
100 k()
| O
Q—) Vin % R2 !
— /36V 350 kO _0/4-'9_’ Vout to motor
[ e
Swz2

Figure7.1: Circuit diagram of tool

Thecircuit has two switches, one for switching (SW1) the tool on andawbiife the other
oneis used as a reverse switch (SW2). SW2 is a double pole toggle switthmeans
that the tool is only aatated if SW2 is held down.

7.1 Battery Attachment

The tool will be powered by a battery as specified by the client. The battery that will be
used on this tochnd that is widely available in New Zealawdl be manufactured by
DeWalt. However, this meathat the battery mount will have to be taken off an existing
power tool and attached to the casiAg the batterymount isof complex design with

very small toleranceopying the battery mount would be too tHt@nsuming. Space

for attaching the battenpount will be provideghowever it will have to be detailed in

future work.
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8 Conclusionand Future Work

Tenconceptual designs were generated based on the research of bending standards, end
user feedback, and currently available-tbi-shelf rebaicutters and benders. These ten
conceptual designs were then evaluated against the needs of the client and the needs of

the end user until one concept was selected for further development.

Having developed the concept furtharfirst principles analysigias conducted ala@n

with a FEA analysislt was found that thaverage stressf the FEA and first principles
analysisvere similatbutwereobviouslynot the sameThere were some large differences
between the first principles and FEA stresses, thisestduhe stress concentrations on
the components created by the uneven force distribution in the simulations. The
differences between the geometry used in the first principle and FEA analysis also

contributed to the variances in stress.

The prototypereba cutter and bender that has been designed is by no means the final
product(Figure 8.1) that will be sold to the publid-uture work of thigopower tool will
require further optimisation to reduce its méssits present state it would require the
minimumof atwo-personift), a more irdepth analysis of the caardthegearboxboth

in first principles and ANSY S)These simulations and optimisatisisuld becompleted
before a prototype is builCollaboration with a product designer to improve thd t@s
ergonomicsis also required From the simulationsit is apparent that a topology
optimisation could be performed to reduce the mass of the compoAehnither study
should also be conducted to determine if a hydraulic system would be more féesible t
the mechanical system designed h&te rebar cutter and bender that has been designed
allows rebato be sheared and bent within 10 seconds with the use of a readily available
battery packThe rebar cutter and bender is portable, but will requiveogperson lift as
prescribed by OSH guidelines.
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Appendix A: Motor Specifications

Printed Motor Works GPM16LRD 005108(Brushed Pancake Motors, 2018)

Motor Constants Symbol Unit Value
Voltage Ke V/krpm 6.5
Torque Kt Nm/Amp 0.062

Damping Kd Nm/1000rpm 0.14
Friction Tf Nm 0.06
Terminal Rm Ohm 0.6
Resistance
Motor Ratings Unit Value
Voltage Vv 28
Current A 26.5
Torque Nm 1.5
Speed RPM 3000
Power w 550
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Appendix B: Motor Technical Drawings

GPM16LRD 005108(Brushed Pancake Motors, 2018
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Appendix C: Technical Drawings

C1 Tool Assembly Drawings
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C1.1 Bill of Materials
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C1.3 Bending Components Assembly
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C1.4 Handle Assembly
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C1.5 Cutting Head Assembly
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C1.6 Cam Assembly
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C2: Gearbox
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C2.1 Bill of Materials
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C2.2 Gearbox Assembly Drawing
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C2.3 Gearbox Lid Bushing




