
Hello%everybody;%thank%you%all%for%coming.%My%name%is%Julian%Leland,%and%today%I’m%
going%to%be%presen@ng%my%E90%–%the%design%and%construc@on%of%a%selfEreplica@ng%
milling%machine.%
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Briefly,%I’d%like%to%outline%my%presenta@on%today.%

First,%I’m%going%to%introduce%my%project,%and%explain%why%I%think%it’s%worth%pursuing.%

Second,%I’m%going%to%describe%the%process%I%went%through%to%design%this%machine,%
focusing%on%these%four%major%subEtasks%I%had%to%complete.%

Third,%I’ll%talk%a%liOle%about%the%construc@on%and%assembly%processes.%

Finally,%I’ll%discuss%where%the%machine%is%now,%how%close%it%comes%to%achieving%my%
design%objec@ves,%and%talk%about%avenues%for%future%work.%
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• %In%recent%years,%small,%affordable,%digital%rapid%fabrica@on%tools%like%3D%printers%(see%
above)%have%made%desktop%manufacturing%a%buzzword,%even%outside%of%hobbyist%and%
maker%communi@es%

• %One%major%aspect%with%SOME%OF%THESE%MACHINES%is%“selfEreplica@on”%–%idea%
that%if%you%have%one%of%these%machines,%you%can%build%all%the%parts%that%you%
can’t%just%buy%off%the%shelf%to%build%another.%

• %Most%of%these%tools%are%either%1)%addi@ve%manufacturing%tools%(3D%printers),%2)%nonE
contact%subtrac@ve%(plasma%cuOers),%or%3)%lightEduty%contact%subtrac@ve%(wood%
routers)%

• !Nothing!addresses!the!need!tradi.onally!filled!by!milling!machines!–!
working!of!metals!at!reasonably!rapid!rates!while!s.ll!maintaining!cut!
precision!measurable!in!.001”!
• %Currently%available%small%milling%machines%are%expensive%(upwards%of%$600%
w/o%CNC%func@onality),%limited%in%their%func@onality,%and%o`en%of%poor%quality%
–%finally,%cannot%selfEreproduce.%

• !Goal!of!this!E90:%Design%and%construct%a%3Eaxis%machine%tool,%which%can%mill%basic%
materials%including%mild%steel%and%can%create%all%parts%that%can’t%be%easily%purchased%
which%are%needed%for%its%construc@on.%

• %Work%volume%of%6”%x%6”%x%6”%
• %No%advanced%machining%processes%
• %Comparable%in%cost%to%its%compe@tors%($500E$700)%
• %Intended%for%CNC%use!
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The%first%step%in%the%design%process%was%to%fully%define%the%machine’s%mechanical%
specifica@ons%and%intended%func@on.%%

Three%primary%design%principles%were%defined%at%the%beginning%of%the%project,%to%serve%
as%a%compass%for%selec@ng%between%compe@ng%design%goals%
• %SelfEreplicability:%a%user%should%be%able%to%create%an%exact%copy%of%the%machine,%using%
only%a%preexis@ng%machine%as%well%as%basic%hand%tools/measuring%equipment.%This%
statement%has%a%lot%of%ramifica@ons.%

• %No%advanced%manufacturing%processes%–%no%cas@ng,%scraping,%grinding%or%
welding%%
• %No%fancy%metrology%equipment%–%intended%to%only%require%3’%scale,%6”%dial%
calipers,%combina@on%square%and%shim%stock.%
• %All%precisionEmanufactured%parts%must%fit%within%the%machine’s%work%volume%
(6”%x%6”%x%6”)%–%if%they%cannot,%they%must%be%designed%for%compliance%(e.g%slots%
instead%of%holes%to%allow%for%more%generous%manufacturing%tolerances).%

• %Cost:%More%@meE%or%manufacturingE%intensive%design%op@ons%should%be%selected%
over%more%costly%design%op@ons.%

• %Finally,%the%performance%goals%stated%earlier%–%capable%of%light%milling%in%mild%steel%–%
should%be%achievable%

In%addi@on%to%these%basic%principles,%a%number%of%other%aspects%of%the%machine%were%
outlined,%including%the%basic%geometry%of%the%frame,%the%machine’s%kinema@c%type,%
the%posi@oning%ability%of%the%machine,%the%required%transla@on%rates%of%the%machine,%
the%materials%to%be%used%in%the%machine,%and%the%maintenance%and%repair%
requirements%of%the%machine.%%
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In%order%to%fully%define%the%performance%goals%of%the%machine,%as%well%as%to%give%
myself%loads%to%use%for%design%purposes,%I%had%to%determine%the%maximum%expected%
cuhng%load.%

I%developed%a%method%based%off%of%informa@on%in%Machinery’s%Handbook%and%a%
variety%of%other%sources%to%es@mate%maximum%cuhng%force%experienced%by%2E,%3E%and%
4Efluted%end%mills%for%specified%cut%geometries,%feed/speed%combina@ons%and%
materials.%

I%programmed%this%into%a%spreadsheet,%and%simulated%a%variety%of%cuts.%I%found%that%
the%maximum%expected%cuhng%force%was%138%lbf,%for%a%.2”%%by%.375”%fullEwidth%cut%in%
1018%steel,%at%2400%RPM%and%with%a%feed%of%.001”%per%tooth.%I%then%applied%a%factor%of%
safety%of%1.5%to%this%expected%load,%leading%to%my%expected%design%load%of%200%lbf.%

With%this%design%load,%I%s@pulated%that%my%machine%should%be%able%to%perform%a%.125”%
x%.1”%fullEwidth%cut%in%1018%steel%without%experiencing%total%error%mo@on%greater%
than%.001”%
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With%the%machine%basically%outlined,%I%turned%my%aOen@on%to%my%first%major%design%
task%E%designing%the%frame%of%the%machine.%

Most%milling%machines%rely%on%a%CEframe%design.%Although%this%design%allows%for%easy%
operator%access,%all%of%the%frame%members%are%can@levered%off%of%each%other%–%prone%
to%flexure.%

6%



I%instead%decided%to%opt%for%a%closed%frame.%This%allows%greater%flexibility%in%design,%
and%typically%yields%beOer%dynamic%and%sta@c%performance.%Addi@onally,%since%I’m%
intending%for%my%machine%to%eventually%be%CNC%controlled,%I%don’t%care%as%much%about%
accessibility.%

I%developed%a%number%of%concept%“test%frames”%in%Solidworks%and%simulated%them%
under%sta@c%loading%condi@ons.%Each%frame%was%designed%to%fit%a%certain%“work%
volume%cube”%within%it,%and%used%iden@cal%frame%members%to%isolate%the%“innate%
s@ffness”%of%the%design.%%
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A%winner%quickly%emerged%–%what%I’m%calling%a%double%tetrahedral%frame.%

This%frame%design%proved%to%be%an%order%of%magnitude%s@ffer%than%the%other%designs%
I’d%come%up%with.%It%also%allows%one%“long”%axis%–%basically,%parts%can%protrude%through%
one%of%the%triangular%side%frames%to%allow%long%parts%to%be%machined.%
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I%then%moved%on%to%the%specific%design%of%the%frame.%%

I%developed%models%of%the%frame%using%two%different%construc@on%materials:%80/20%
aluminum%extrusion%framing,%and%standard%hollow%steel%sec@on%with%structural%bolted%
connec@ons.%

As%you%can%see,%I%ul@mately%elected%to%go%with%the%steel.%My%reasons%for%this%included:%
• %the%lower%cost%of%the%steel%–%ini@al%es@mates%showed%it%would%be%significantly%less%
expensive%than%the%aluminum%(although%this%would%later%prove%to%not%be%completely%
accurate).%
• %greater%dynamic%and%sta@c%performance%of%the%steel.%Simula@ons%showed%that%the%
steel%frame%was%significantly%s@ffer%than%the%aluminum,%and%was%also%more%vibra@onE
resistant%due%to%its%greater%weight%and%natural%damping%characteris@cs.%
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The%second%major%design%phase%of%my%project%was%the%design%of%the%linear%mo@on%
systems%–%the%bits%that%slide%back%and%forth%within%the%machine.%

Although%I%briefly%entertained%exploring%nonECartesian%mo@on%systems%–%for%example,%
combined%rotary%and%linear%mo@on%systems%E%I%ul@mately%elected%to%s@ck%with%the%
triedEandEtrue%stacked%linear%mo@on%systems%for%X,%Y%and%Z%mo@on.%%

Before%I%could%select%a%bearing%system,%I%needed%to%know%what%sort%of%forces%I%could%
expect%at%my%bearings.%Working%from%a%deriva@on%by%Dr.%Alex%Slocum,%I%developed%a%
spreadsheet%which%would%approximate%the%reac@on%forces%in%4E,%3E%and%2Ebearing%
carriage%systems%given%a%point%load%at%any%point%in%3Espace.%

This%spreadsheet%not%only%allowed%me%to%determine%what%kinds%of%loads%I%could%expect%
at%my%bearings,%but%also%allowed%me%to%evaluate%the%rela@ve%performance%and%cost%
tradeoffs%between%using%the%different%bearing%systems%–%more%bearings%produces%
lower%loads%on%individual%bearings,%but%increases%cost.%%
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Because%of%@me%constraints%and%manufacturing%difficulty,%I%elected%to%purchase%a%
premade%bearing%system%rather%than%design%one%from%scratch.%

The%variety%of%bearing%systems%commercially%available%is%incredible,%ranging%from%
simple%sliding%element%systems%to%“drawerEslide”%caster%systems%to%sophis@cated%
recircula@ng%ballEbearing%carriage%systems.%

Ul@mately,%I%selected%a%recircula@ng%ballEbearing%system.%These%are%the%standard%
among%both%hobbyist%and%industrial%machines:%they%are%extremely%s@ff,%very%low%
fric@on,%and%resistant%to%impact%loading/oscilla@ng%loads%(which%fric@onal%bearing%
systems%are%not).%However,%they%are%highly%sensi@ve%to%moun@ng%misalignment,%and%
are%EXTREMELY%expensive.%
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I%designed%the%X%and%Y%bearing%systems%in%Solidworks.%To%accommodate%the%high%
moun@ng%precision%requirements%of%the%linear%rail%system%I%had%selected,%all%precision%
components%were%required%to%fit%within%the%work%volume%of%the%machine%–%i.e.%be%no%
greater%than%6”%in%any%direc@on.%Addi@onally,%leveling%screws%and%slots%were%used%to%
allow%for%compliance%in%assembly,%to%prevent%internal%strains%from%being%developed%by%
the%machine.%

I%also%designed%a%lead%screw%drive%system%based%around%a%3/8”E10%Acme%threaded%rod%
with%a%backlashEreducing%nut%system.%I%elected%to%use%standardE,%rather%than%precisionE
grade%Acme%hardware%for%cost%reasons.%The%lead%accuracy%–%the%distance%traveled%per%
amount%turned%–%of%the%precision%and%standard%grades%are%the%same,%and%the%lower%
quality%thread%fit%of%the%standard%grade%thread%is%accounted%for%by%the%backlashE
reducing%nut.%%

The%lead%screws%are%singly%supported,%using%two%angular%contact%bearings%in%a%DF%
configura@on.%This%allows%for%slight%angular%misalignment,%but%produces%high%axial%
s@ffness.%
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The%final%design%task%in%this%project%was%the%design%of%the%spindle%and%power%systems.%%

Early%on%in%the%project,%I%inves@gated%a%variety%of%op@ons%for%the%spindle%and%power%
system,%including%offEtheEshelf%units,%engraving%spindles,%and%selfEdesigned%spindles.%
Unfortunately,%spindles%are%among%the%highestEprecision%components%in%a%machine%
tool,%and%typically%are%hardened%and%ground.%

Consequently,%I%elected%to%use%an%offEtheEshelf%unit.%The%most%costEeffec@ve%op@on%I%
was%able%to%find%was%a%combined%spindle%and%motor%unit%used%in%a%variety%of%benchtop%
milling%machines.%It%incorporates%variable%speed%control%and%uses%R8%collets.%%

I%also%selected%to%use%the%dovetailEmount%column%that%this%spindle%unit%is%designed%for,%
which%simplified%aOachment%of%the%spindle.%It%incorporates%a%rackEandEpinion%gear%
giving%ZEaxis%mo@on.%
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All%told,%this%machine%requires%94%machined%pieces,%37%of%which%are%unique.%I%
transferred%my%Solidworks%parts%to%paper%drawings,%and%began%machining.%
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Fabrica@on%took%a%long,%long%@me.%I%didn’t%keep%close%track%of%the%hours%I%spent%in%the%
shop,%but%I%would%es@mate%it%at%roughly%200E250%hours%of%machining%@me.%

All%machining%was%done%either%in%the%Swarthmore%machine%shops,%or%at%my%house%in%
Washington,%DC.%To%simplify%the%fabrica@on%process,%I%used%the%full%capabili@es%of%the%
machines%I%was%using%–%I%didn’t%limit%myself%to%a%6”%x%6”%x%6”%work%volume.%
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Assembly%took%surprisingly%liOle%@me,%considering%the%amount%of%@me%required%to%
machine%the%parts.%I%completed%assembly%in%a%period%of%roughly%12%hours.%%

The%majority%of%this%@me%was%spent%aOemp@ng%to%level%the%X%and%Y%axes.%This%proved%
to%be%an%extremely%difficult%process,%and%one%which%is%s@ll%not%completed%to%my%
sa@sfac@on%E%I’m%intending%to%go%back%and%realign%the%axes,%to%make%sure%that%the%
bearings%don’t%fail.%

Assembly%was%easily%completed%using%basic%hand%tools%–%box%wrenches,%socket%
wrenches,%hex%wrenches%and%hammers.%I%did%use%a%precision%level%and%square%for%
some%alignment%tasks%–%however,%these%could%be%replaced%with%a%highEquality%
combina@on%square%or%carpenter’s%level.%%
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So,%does%it%work?%

In%short…kinda.%

Although%no%quan@ta@ve%measurements%of%cuhng%performance%have%been%made,%the%
samples%I’m%passing%around%now,%some%of%which%you%can%see%here%demonstrate%the%
machine’s%cuhng%performance.%%

• %The%wooden%block%is%osage%orange,%a%par@cularly%hard%and%fibrous%wood.%The%
machine%has%no%problem%making%cuts%in%this%material.%
• %The%aluminum%bar%shows%the%machine’s%performance%under%both%endE%and%sideE
milling%condi@ons.%As%you%can%see,%chaOer%is%clearly%a%serious%problem%–%indeed,%the%
machine%was%beginning%to%chaOer%so%seriously%it%started%to%loosen%some%of%the%screws%
in%the%stage.%There%is%believed%to%be%some%loose%component%that%is%the%root%source%of%
this%chaOer%–%it%is%being%inves@gated%now.%
• %The%stainless%steel%bar%shows%that%the%machine%is%capable%of%execu@ng%basic%drilling%
opera@ons.%

The%work%volume%wound%up%actually%exceeding%the%specified%limit%in%the%Z%direc@on,%
yielding%a%total%volume%of%nearly%6”%x%6”%x%12”%
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There%are%a%number%of%other%metrics%beyond%cuhng%performance%which%can%be%used%
to%evaluate%the%performance%of%this%machine%

• %Cost:%The%total%cost%for%raw%materials,%fasteners%and%parts,%not%including%shipping%
costs%or%tooling%costs,%came%to%approximately%$1,100.%Addi@onally,%this%amount%is%not%
reflec@ve%of%the%true%cost%to%the%average%consumer%–%many%of%these%items%were%
purchased%using%educa@onal%discounts,%or%with%Swarthmore’s%taxEexempt%status.%

• %SelfEreplicability:%With%the%excep@on%of%possibly%2%parts,%this%machine%is%theore@cally%
selfEreplicable%–%all%parts%can%be%machined%within%its%work%volume.%However,%since%it%
has%yet%to%be%determined%that%the%machine%can%mill%mild%steel%with%reasonable%
accuracy,%it%cannot%be%said%conclusively%if%the%machine%is%capable%of%self%replica@on.%
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In%review,%I%have:%

• %successfully%designed%and%built%a%3Eaxis%milling%machine,%which%has%been%
demonstrated%to%be%capable%of%milling%and%drilling%wood%and%aluminum,%although%not%
yet%mild%steel.%

• %This%machine%is%theore@cally%capable%of%selfEreplica@on,%but%more%tes@ng%will%be%
needed%to%conclusively%determine%this.%

• %A%number%of%systems%within%the%machine%need%redesign,%but%overall,%this%is%a%strong%
first%step%towards%developing%a%truly%selfEreplica@ng%milling%machine.%%
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Finally,%before%I%close,%I’d%like%to%thank%some%of%the%many%people%who%made%this%
project%possible.%%
• %First,%I’d%like%to%thank%Professor%Siddiqui,%who%was%my%faculty%advisor%for%this%project,%
as%well%as%Dr.%Ronnie%Fesperman%at%the%Na@onal%Ins@tute%of%Standards%and%
Technology,%who%also%advised%me.%%
• %I%would%also%like%to%thank%the%Philadelphia%Sec@on%of%ASME%as%well%as%IEEEEUSA,%who%
generously%provided%funding%for%this%project.%%
• %I%would%like%to%thank%Ilan%Moyer%and%Johannes%Schneider%at%MIT%for%their%
consulta@on%and%for%materials%they%provided.%
• %I%would%also%like%to%thank%Ed%Jaoudi,%Andrew%Ruether%and%Mark%Davis%for%technical%
assistance.%
• %I%would%like%to%thank%Andy%Bas@an%for%consulta@on%and%3D%prin@ng%services%
• %I%would%like%to%thank%Cassy%BurneO%for%her%pa@ence%and%help%
• %Finally,%but%certainly%not%least%of%all,%I%would%like%to%thank%SmiOy.%This%machine%would%
not%have%been%built%without%his%unending%pa@ence%and%assistance,%and%I%would%have%
never%thought%to%pursue%this%project%without%his%introducing%me%to%the%machine%shop,%
and%teaching%me%over%the%past%four%years.%
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