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th i s  pape r  p roposes  t he  use  o f  a  new se t  o f  so f twa re  t oo l s ,  ca l l ed  f i r e f l y,  pa i r ed 

w i t h  a  l ow-cos t  f i v e -ax i s  r obo t i c  mo t i on  con t ro l l e r.   th i s  se r ves  as  a  new means 

f o r  cus tom i zed  t oo l  pa th  c rea t i on ,  r ea l t ime  eva l ua t i on  o f  pa rame t r i c  des i gns  us i ng 

f o rwa rd  k i nema t i c  r obo t i c  s imu l a t i ons ,  and  d i r ec t  ou tpu t  o f  t he  p rog ramming 

l anguage  (rap id  code )  used  t o  con t r o l  aBB  i ndus t r i a l  r obo t s .   f i r e f l y  b r i dges 

t he  gap  be tween  g rasshoppe r,  a  v i sua l  p rog ramming  ed i t o r  t ha t  r uns  w i t h i n  t he 

rh i noce ros  3d  cad app l i ca t i on ,  and  phys i ca l  p rog rammab le  m ic rocon t ro l l e r s  l i k e 

t he  a rdu i no ;  enab l i ng  r ea l t ime  da ta  f l ow  be tween  t he  d i g i t a l  and  phys i ca l  wo r l ds .  

the  cus tom-made  robo t i c  mo t i on  con t ro l l e r  i s  a  po r t ab l e  d i g i t i z i ng  a rm  des igned 

to  have  t he  same  j o i n t  and  ax i s  con f i gu ra t i on  as  t he  aBB- irB  140  i ndus t r i a l  r obo t , 

enab l i ng  d i r ec t  conve rs i on  o f  t he  d i g i t i z ed  i n f o rma t i on  i n t o  r obo t i c  movemen ts .  

us i ng  t h i s  t ang ib l e  con t r o l l e r  and  t he  unde r l y i ng  pa rame t r i c  i n t e r f ace ,  t h i s 

pape r  p resen t s  an  imp roved  wo rk f l ow  wh ich  d i r ec t l y  add resses  t he  sho r t f a l l s  o f 

mu l t i f unc t i ona l  r obo t s  and  enab l es  w ide r  adop t i on  o f  t he  t oo l s  by  a rch i t ec t s  and 

des i gne rs .

Keywo rds :  r obo t i cs ,  cad/cam,  f i r e f l y,  d i r ec t  f ab r i ca t i on ,  d i g i t i z i ng  a rm .
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1 introduct ion

there are l i tera l ly thousands of di f ferent appl icat ions current ly performed by industr ia l 

robots.  With more than one mi l l ion mult i funct ional robots in use wor ldwide, they have 

become a standard in automat ion (gramazio 2008). the reason for thei r  widespread 

use l ies in thei r  versat i l i ty;  they have not been opt imized for one single task, but can 

perform a mult ip l ic i ty of funct ions.  unl ike other computer numer ical ly control led (cnc) 

machines - which are task-speci f ic - robots can execute both subtract ive and addit ive 

rout ines. among other operat ions, they can load, unload, place, cut,  bend, stack, spray, 

weld, and mi l l . 

however, industr ia l  robots were not designed to be ‘user f r iendly ’  – thei r  s ize, support 

inf rastructure, and programming demands make them i l l -sui ted for untra ined operators.  

they can also be dangerous.  industr ia l  robots are often kept in isolated areas in order 

to protect human workers.  in fact,  many robots are painted ‘secur i ty orange’ (ral 

color reference 2003 )  to “remind us that th is complex piece of heavy machinery is not 

part icular ly observant of misplaced hands or feet and requires caut ion when operat ing.” 

(edgar 2008).  last ly,  the design-to-fabr icat ion workf low for industr ia l  robots has 

t radi t ional ly been a s low and cumbersome process (see sect ion 3).   machine tool ing, 

k inemat ic s imulat ions, and robot ic movement programming often require int imate 

knowledge of scr ipt ing and manufactur ing processes, a l l  of  which l imi t  the ut i l izat ion of 

such tools by the archi tect/designer.

despite considerable advances in dig i ta l  software used to control  robots, there often 

remains a detachment between the designer and the f inal  output.  Br inging physical 

input and output c loser together through purpose-bui l t  tools for fabr icat ion can enable 

many new creat ive opportuni t ies for designers. Working f rom observat ions about the 

way archi tects design, th is paper presents a prototype for a 3d drawing tool that takes 

real t ime input and translates that into machine code for robot ic fabr icat ion.  the purpose 

of th is paper is not to suggest that the proposed workf low is a ready-made solut ion 

to replace exist ing fabr icat ion process; rather the work should be seen as a proof 

of concept that could enable wider use of dig i ta l  fabr icat ion tools by archi tects and 

designers.  f inal ly,  the paper concludes with a look at the resul ts and l imi tat ions of the 

proposed system and out l ines a number of considerat ions for future development.

2 related Work

the f ie lds of dig i ta l  fabr icat ion and tangible user inter face (tui )  design have seen a 

dramat ic increase in act iv i ty in recent years.  however, despite advancements made in 

both f ie lds, there have only been a handful  of projects which br idge the gap to embody 

di rect physical  input and output. John frazer ’s Flex ib le Inte l l igent Model ing System  is 

a notable ear ly example which was developed in the ear ly 1980s as a response to the 

exist ing cad systems which at that t ime were clunky and cumbersome (shaer 2010). 

frazer and his team developed a ‘3d model ing system’ where users bui l t  objects by 

stacking up sensor embedded cubes or blocks into var ious conf igurat ions. the computer 

then deduced locat ion, or ientat ion, and type of each component in the system and 

output a 2d representat ion of the pattern to a plotter.   

more recent ly,  there have been a number of projects which have explored var ious gestura l 

inter faces as a form generator for dig i ta l  fabr icat ion.  one notable example is the Sketch 

Furni ture system developed by front design which uses a professional mot ion-capture 

system to create a new way to mater ia l ize f ree hand sketches (front 2006).  designers 

can create 3d digi ta l  geometry by drawing l ines in physical  space.  this data is then 

processed in the computer and converted into a mesh which can be fabr icated at fu l l 

scale using a select ive laser sinter ing (sls) process.  in another example, the Spat ia l 

Sketch  appl icat ion uses a stereo-v is ion 3d input system to capture gestura l  movements 

which can be translated into a ser ies of 2d prof i le curves to be output to a laser cutter 

for f inal  fabr icat ion (Wi l l is 2010).  f inal ly,  the Shaper  prototype developed at carnegie 

mel lon univers i ty in 2010 uses touch-screen technology to interact ively control  a three-

axis cnc machine which deposi ts expanding polyurethane foam mater ia l  according to 

the user ’s f inger placement (W i l l is 2011).  Whi le these works of fer unprecedented f lu id i ty 

between the design inter face and f inal  output, they often require a s igni f icant investment 
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figure 1.  Existing design-to-fabrication workflow 

for ABB industrial robots

fig. 1

in t ime and equipment in order to be used ef fect ively.  addit ional ly,  none of the projects 

ment ioned above have been designed speci f ical ly for use with mult i - funct ional robots.  

making an inexpensive and intu i t ive gestura l  inter face for robot ic control  became the 

pr imary dr iver for many of the design decis ions made dur ing the development of th is 

project. 

3 exist ing design-to-robotic fabr icat ion Workf low

despite s igni f icant progress made in cam software over the last decade, the exist ing 

design-to-fabr icat ion workf low can be di f f icul t  to t raverse for archi tects and designers.  

in the t radi t ional  sense, design concept ion typical ly occurs as a 2d sketch which is 

then converted into a 3d cad model fo l lowing one of two tra jector ies.  the archi tect or 

designer can bui ld a 3d cad model di rect ly f rom the sketches; ref in ing certa in design 

parameters as the idea becomes more fu l ly developed.  or, an al ternat ive is to create 

a physical  model f rom which a 3d model can be captured through some form of 3d 

scanning equipment such as a dig i t iz ing arm.  a dig i t iz ing arm is a device which has 

several  degrees of f reedom and uses sensors to measure the angle of each jo int.   from 

this data, the locat ion (or coordinate) of the tool t ip can be calculated.  a designer can 

t race physical  objects by moving the tool t ip a long the surface of an object to return a 

str ing of point coordinates which can be processed by a computer.

once the dig i ta l  model has been made, the archi tect or industr ia l  designer must choose 

a fabr icat ion methodology f rom which they wi l l  execute thei r  design  (figure 1) .  for 

working with aBB robots, th is means export ing the cad model into a format ( . iges, .st l , 

.3ds) that can be understood by the var ious aBB supported software appl icat ions such 

as mastercam with the robot master plug- in or the stand alone program robot studio.

Whi le these appl icat ions of fer sophist icated algor i thms for tool  path creat ion, col l is ion 

detect ion, and singular i ty analysis; they are often only employed by t ra ined operators 

as they require a level  of manufactur ing educat ion and scr ipt ing knowledge that 

archi tects and designers typical ly do not have. this type of workf low introduces a level 

of detachment in the design process. the cam operator,  an intermediary between the 

designed input and f inal  physical  output, must make decis ions based on pr ior exper ience 

in order to make the design a real i ty.   however, i f  errors are found in the fabr icat ion 

methodology – ei ther f rom inaccuracies discovered in the cad model or f rom simulat ion 

feedback – the design must be modif ied and the ent i re process begun anew.  this can 

signi f icant ly increase product ion t imes and consequent ly the overal l  costs of the project.

4 the tangible control ler

this paper presents a prototype for  a tang ib le cont ro l le r  and a new parametr ic  in ter face 

speci f ica l ly  des igned to st reaml ine the robot ic fabr icat ion process for  arch i tects and 

des igners.  the low-cost  custom-made d ig i t i z ing arm was const ructed us ing the same 
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figure 2.  The digit iz ing arm was designed to 

have the same joint and axis configurat ion as the 

ABB-IRB 140 robot

figure 3.  Two custom circuit boards were 

designed to stream the sensor information 

from the digit iz ing arm into the 3D parametr ic 

environment

fig. 2
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jo in t  and ax is conf igurat ion as the aBB- irB 140 indust r ia l  robot ;  enabl ing d i rect 

convers ion of  the d ig i t i zed in format ion in to robot ic movements (f igure 2) .

a degree of  f reedom (dof) is  a geometr ic def in i t ion of  f reedom of  movement e i ther 

a long an ax is in  space or  rotat ion about  an ax is in  space (pot tman 2007).  the d ig i t i z ing 

arm has f ive jo in ts or  p ivot  po ints – each cor responding to one dof on the aBB 

robot.   each jo in t  on the d ig i t i z ing arm uses a h igh prec is ion potent iometer  to measure 

the angular  rotat ion about  each ax is.   rotary potent iometers work by changing the i r 

res is tance as the cent ra l  shaf t  is  turned to the le f t  or  r ight .   th is changes the vo l tage 

which is  read by the ana log-to-d ig i ta l  conver ter  on the microcont ro l le r  – return ing a 

sensor va lue between 0 and 1023.  these par t icu lar  potent iometers were ab le to rotate 

up to 340º,  so the angular  pos i t ion ( in  rad ians)  was determined us ing the fo l lowing 

equat ion:

 angle = (potVal * (1023/340))  * (π/180)

in addi t ion to the f ive ana log sensors (potent iometers) ,  the d ig i t i z ing arm is equipped 

wi th a too l  t ip c i rcu i t  board wi th two push but ton cont ro ls.   these a l low the user  to 

eas i ly  record or  reset  the d ig i t i zed in format ion on the f ly  (f igure 3) .   a l l  o f  these inputs 

are connected to a custom des igned c i rcu i t  board which processes the in format ion 

and sends a format ted st r ing of  in format ion over  the ser ia l  por t  to the v i r tua l  in ter face.

5 the parametr ic interface

the deve lopment of  a new parametr ic  in ter face was v i ta l  to enable wider  adopt ion of 

robot ic fabr icat ion techniques by arch i tects and des igners.  the fo l lowing sect ions 

h igh l ight  some of  the features of  the proposed system.  

5.1 grasshopper and firefly

over the last  15 years,  there has been a migrat ion in des ign pract ices toward the 

ut i l i za t ion of  parametr ic  model ing.   the term refers to a method of  d ig i ta l ly  model ing a 

ser ies of  des ign var iants whose re la t ionsh ips to each other  are def ined through one or 

severa l  parameters which then form a parametr ic  space which may compr ise dozens 

or  thousands of  re la ted but  d is t inct  forms (lag ios 2010).   even though parametr ic 

model ing began as a means to deve lop new an imat ion techniques in the gaming/ f i lm 

indust r ies in the mid 1990s, there has been a conf luence of  d isc ip l ines in recent  years 

who have embraced th is type of  des ign methodology pr imar i ly  due to i ts  ab i l i ty  to 

create des igns that  can qu ick ly  be adapted or  modi f ied.  

fig. 3
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one recent example is grasshopper™ - a v isual  programming language developed by 

david rutten at robert mcneel & associates which pro¬vides an intu i t ive parametr ic 

inter face to the rhino cad appl icat ion.  in grasshopper, programs are created by dragging 

components onto the edi tor (cal led the canvas).  the outputs to these components are 

then connected to the inputs of subsequent components – creat ing an acycl ic graph 

of informat ion f low (figure 4) .   grasshopper enables a way for designers to look at 

design problems as a set of sophist icated re lat ionships and to map those re lat ionships 

graphical ly and programmat ical ly into a system that a l lows them to interact ively play with 

a l ternat ives (day 2009).

as a generat ive model ing tool grasshopper of fers unprecedented capabi l i t ies, but by 

defaul t ,  i t  lacks the abi l i ty to communicate with hardware devices such as programmable 

microcontrol lers or other hapt ic inter faces.  f i ref ly is a set of tools which br idge the gap 

between dig i ta l  and physical  wor lds by enabl ing di rect ser ia l  communicat ion between 

hardware devices and the grasshopper plug- in.  f i ref ly a l lows real t ime access to each 

of the sensors mounted on the dig i t iz ing arm; forming the parametr ic basis for the 

k inemat ic robot ic s imulat ion.

5.2 roBotic simulation

Kinemat ic s imulat ion of  indust r ia l  robots has become an important  means for  the 

increased ef f icacy of  robot ic fabr icat ion.   K inemat ics per ta ins to the mot ion of  bodies 

in a robot ic mechanism wi thout  regard to the forces/ torques that  cause that  mot ion 

(s ic i l iano 2008).   s ince most cam s imulat ion too ls star t  w i th the input  of  one or  more 

target  po ints (or  goa l  ob jects ) ,  they of ten employ an inverse k inemat ic solut ion – or 

the process of  determin ing a l l  o f  the jo in t  angles and conf igurat ions in order  to reach 

a des i red pos i t ion.   the reverse procedure is  ca l led forward k inemat ics .   i f  g iven a l l  o f 

the re la t ive angles of  each jo in t  and the lengths of  each leg;  the too l  t ip (a lso known as 

the end ef fector )  can be found by per forming a ser ies of  matr ix  t ransformat ions on each 

body in the robot ic mechanism.  a custom-made VB.net scr ipt  ins ide grasshopper 

uses each of  the potent iometer  va lues f rom the d ig i t i z ing arm to create a forward 

k inemat ic s imulat ion of  the aBB robot.   as the user  moves the d ig i t i z ing space – t rac ing 

phys ica l  ob jects or  creat ing the i r  own custom too l  paths – they can see an immediate 

simulat ion of the robot performing the same actions (figure 5).  one of  the push but tons 

located on the t ip of  the d ig i t i z ing arm a l lows users to record the too l  path in format ion 

which is  d i rect ly  t rans lated in to rapid code – the programming language used by a l l 

aBB robots.   the other  push but ton resets or  c lears the recorded data.   

5.3 roBotic programming

a cr i t ica l  aspect  of  the proposed workf low was to be ab le to output  the robot ic 

programming codes in order  to qu ick ly  test  the recorded movement pat terns on the 

l a rge r  i ndus t r i a l  robo t .   rap id  i s  the  h igh- leve l  p rog ramming  l anguage  used to 

figure 4.  A portion of the Grasshopper definition: 

1) Read sensor values via Firefly 2) Tool definition  

3) Custom VB.NET component  4) Final RAPID 

code output

fig. 4
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con t ro l  a l l  aBB robo ts  and  en t i r e  books  have  been  wr i t t en  abou t  how to  gene ra te 

you r  own cus tom p rog rams.   th i s  sec t ion  does  no t  a t tempt  to  rep l i ca te  the  ex i s t i ng 

l i t e ra tu re ;  r a the r  se r ves  to  ou t l i ne  a  few o f  the  fea tu res  wh ich  were  imp lemented  i n 

th i s  p ro jec t .

l i ke  o the r  compute r  con t ro l l ed  mach ines ,  robo ts  requ i re  a  se t  o f  i ns t ruc t ions 

i n  o rde r  to  make  them run  p rope r l y.   Wh i l e  the re  a re  many  d i f f e ren t  da ta  t ypes , 

ope ra to rs ,  and  func t ions  tha t  can  be  i nc luded in  a  se t  o f  codes ;  the re  ex i s ts  two 

ma in  dec la ra t i ons  to  eve r y  p rog ram:  1 )  a  s ta tement  tha t  de f i nes  one  o r  more  ta rge t 

po in ts  (ca l l ed  rob ta rge ts )  to  accu ra te l y  l oca te  the  end  e f fec to r  i n  space  and  2 )  a  se t 

o f  movement  commands  tha t  te l l  t he  robo t  how to  move  to  those  pos i t i ons .   each 

compos i te  da ta  t ype  requ i res  the i r  own se t  o f  pa ramete rs ,  o r  a rguments  -  as  seen 

i n  f igures  6  and 7 .   a l l  o f  t hese  de f i n i t i ons  were  c rea ted  on  the  f l y  as  the  d ig i t i z i ng 

a rm was  con t ro l l ed  by  the  use r.

a  rob ta rge t  i s  a  compos i te  da ta  t ype  composed f rom a  p rede f i ned  number  o f  va lues .  

each  rob ta rge t  i s  de f i ned  by  i t s  name,  abso lu te  pos i t i on  as  XYZ coo rd ina tes , 

ro ta t i on  o r  o r i en ta t i on  o f  the  robo t  as  fou r  qua te rn ion  va lues ,  j o i n t  con f igu ra t i ons  fo r 

ax i s#  1 ,  4 ,  6 ,  and  c f x ,  and  f i na l l y  any  ex t ra  ex te rna l  ax i s  con f igu ra t i ons  (f igure  6 ) . 

each  rob ta rge t  i s  g i ven  a  un ique  iden t i f i ca t i on  each  t ime  the  so lu t i on  i s  recomputed .  

the  pos i t i on  i n fo rma t ion  can  be  ca lcu la ted  by  pe r fo rm ing  the  mat r i x  t r ans fo rma t ions 

on  a l l  o f  t he  jo in ts  to  de te rm ine  the  loca t ion  o f  the  too l  t i p  i n  space .   Qua te rn ions 

p rov ide  a  conven ien t  ma themat ica l  no ta t i on  fo r  rep resen t i ng  the  o r i en ta t i on  and 

ro ta t i on  o f  ob jec ts  i n  th ree  d imens ions .   space  wou ld  no t  pe rm i t  t he  fu l l  de r i va t i on 

o f  the  qua te rn ion  math  used in  th i s  p ro jec t ,  bu t  i f  g i ven  the  ro l l  =  φ ,  p i t ch  =  θ ,  and 

yaw =  ψ  o f  t he  too l  t i p ;  then  the  fou r  qua te rn ion  va lues  can  be  found us ing  the 

fo l l ow ing  equa t ions .  

q0  =  cos (φ /2 ) *cos (θ /2 ) *cos (ψ /2 )+s in (φ /2 ) *s in (θ /2 ) *s in (ψ /2 )

q1 = s in (φ/2 ) *cos (θ/2 ) *cos (ψ/2 ) -cos (φ/2 ) * s in (θ/2 ) * s in (ψ/2 )

q2 =  cos (φ /2 ) *s in (θ /2 ) *cos (ψ /2 )+s in (φ /2 ) *cos (θ /2 ) *s in (ψ /2 )

q3  =  cos (φ /2 ) *cos (θ /2 ) *s in (ψ /2 ) -s in (φ /2 ) *s in (θ /2 ) *cos (ψ /2 )

the  con f igu ra t i on  da ta  i s  used  to  iden t i f y  the  cu r ren t  quadran t  o f  the  robo t  ax i s  fo r 

j o i n ts  1 ,  4 ,  and  6 .   the  l as t  con f igu ra t i on  number  i s  used  to  se lec t  one  o f  e igh t 

p rede f i ned  robo t  con f igu ra t i ons .   las t l y,  any  ex te rna l  ax i s  con f igu ra t i ons  can  be 

supp l i ed  to  l oca te  the  pos i t i on  o f  any  ex te rna l  ax i s .   the  va lue  9e9 i s  de f i ned  fo r 

axes  wh ich  a re  no t  connec ted .

movement  i ns t ruc t ions  te l l  t he  robo t  how to  move  f rom i t s  cu r ren t  l oca t ion  to  a 

spec i f i ed  rob ta rge t  (f igure  7 ) .   p rov ided  w i th  s i x  o r  more  dof,  the  robo t  can  move 

in  any  number  o f  ways  and  the  f i r s t  a rgument  i n  the  move  command spec i f i es  the 

t ype  o f  des i red  movement .   i n  th i s  examp le ,  the  robo t  w i l l  a t tempt  to  move  l i nea r l y 

to  the  nex t  rob ta rge t .   the  ve loc i t y  o f  the  end  e f fec to r  i s  measu red  i n  mm/s  and  can 

be  de te rm ined  by  tak ing  the  d i s tance  f rom the  cu r ren t  too l  l oca t ion  to  i t s  p rev ious 

pos i t i on  and  d i v id ing  i t  by  the  t ime  in te r va l  be tween  reco rd ings .   the  zone  da ta 

desc r ibes  the  pos i t i on  accu racy,  wh i l e  the  too l  and  work  ob jec ts  to  be  used a re 

de f i ned  e l sewhere  i n  the  p rog ram.

6 results

as o f  th i s  w r i t i ng ,  the re  have  on l y  been  a  l im i ted  number  o f  tes ts  tha t  have  been 

conduc ted  us ing  the  f i ve -ax i s  robo t i c  mot ion  con t ro l l e r.   howeve r,  the  i n i t i a l  r esu l t s 

sugges t  tha t  the  p roposed d i rec t - to - fab r i ca t i on  p rocess  cou ld  p rove  to  be  a  v i ab le 

a l t e rna t i ve  to  ex i s t i ng  robo t i c  work f l ows .   Because  the  d ig i t i z i ng  a rm was  des igned 

to  have  the  same p ropor t i ons  and  ax i s  con f igu ra t i on  as  the  l a rge r  i ndus t r i a l  robo t , 

i t  p rov ides  an  i n tu i t i ve  i n te r f ace  fo r  work ing  w i th  the  robo t .   des igne rs  immed ia te l y 

unde rs tand  tha t  the  movements  they  reco rd  us ing  the  d ig i t i z i ng  a rm w i l l  be 

immed ia te l y  t r ans la ted  i n to  robo t i c  movements ,  wh i l e  the  rea l t ime  v i sua l  f eedback 

figure 5.  The interface provides a fast and intuitive 

way to create custom tool paths or to simulate 

robotic manufacturing processes

figure 6.  Definition of a robot target

figure 7.  Definition of a movement command

fig. 5

fig. 6

fig. 7
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f r om the  s imu la t i on  fu r the r  re in fo rces  th i s  f ac t .   g i ven  tha t  robo ts  can  suppor t  any 

number  o f  o f f - the-she l f  o r  cus tom-made end e f fec to rs ,  the  po ten t i a l  app l i ca t i ons 

a re  l im i t l ess  (f igure  8 ) .

the re  were  a  number  o f  f ac to rs  i n  the  des ign  o f  the  con t ro l l e r  wh ich  con t r ibu ted 

to  the  f i de l i t y  o f  the  f i na l  robo t i c  ou tpu t  and  the  resu l t s  f rom these  tes ts  he lped  to 

iden t i f y  a reas  o f  improvement .   the  dec is ion  to  use  h igh  p rec is ion  po ten t iomete rs , 

as  opposed to  the  more  accu ra te  method o f  op t i ca l  encod ing ,  p roved  to  be  the 

p r ima r y  l im i t i ng  fac to r  i n  the  reso lu t i on  o f  the  f i na l  ou tpu t .   the  cho ice  was  made 

based on  cos ts ,  as  po ten t iomete rs  a re  cons ide rab l y  cheaper  than  op t i ca l  encoders 

and  the  p rem ise  o f  the  p ro jec t  was  to  p rov ide  a  re l i ab le  l ow-cos t  t ang ib le  so lu t i on 

to  robo t i c  f ab r i ca t i on .   howeve r,  i f  cos ts  were  no t  a  f ac to r,  t he  f i de l i t y  o f  the  p ro jec t 

cou ld  be  g rea t l y  enhanced by  us ing  more  accu ra te  senso rs  fo r  the  jo in t  ang les .  

second l y,  the  des ign  o f  the  phys ica l  p ro to t ype  was  a  f i r s t  pass  a t  the  des ign  o f 

a  s tu rdy  f i ve -ax i s  d ig i t i z i ng  a rm.   du r i ng  des ign  deve lopment ,  some mechan ica l 

aspec ts  o f  the  des ign  were  d i scove red  wh ich  cou ld  be  improved upon  in  fu tu re 

i t e ra t i ons .   o i l ed  b ronze  bea r i ngs  were  used fo r  each  jo in t  on  the  d ig i t i z i ng  a rm,  bu t 

the  connec t ion  de ta i l  f o r  j o i n t  4 ,  o r  the  wr i s t ,  de te r io ra ted  to  a  sma l l  deg ree  ove r  t ime 

and  became a  po ten t i a l  sou rce  o f  e r ro r  i n  the  sys tem.   l i kew ise ,  the  s tab i l i za t i on 

sp r i ngs  loca ted  on  the  top  and  back  o f  the  d ig i t i z i ng  a rm added too  much tens ion 

to  the  sys tem;  mak ing  i t  somewha t  d i f f i cu l t  to  move  the  a rm in to  va r ious  pos i t i ons .  

Wh i l e  they  d id  p rov ide  the  approp r i a te  amoun t  o f  fo rce  to  l eave  the  a rm in  a  90º 

res t i ng  pos i t i on  w i thou t  f a l l i ng  ove r,  pe rhaps  an  o f f se t  coun te rwe igh t  wou ld  be  a 

more  e legan t  so lu t i on . 

7 conclusion

th is  pape r  p resen ts  a  new tang ib le  con t ro l l e r  and  op t im i zed  work f l ow fo r  robo t i c 

f ab r i ca t i on .   a l though  the re  has  been  cons ide rab le  p rog ress  made in  the  d ig i t a l 

too l s  used  to  con t ro l  robo ts ,  the re  i s  an  iden t i f i ab le  p rob lem in  the  ex i s t i ng  des ign-

to - fab r i ca t i on  p rocess .  the  phys ica l  a r t i cu la t i on  o f  embod ied  i npu t  and  ou tpu t 

th rough  pu rpose-bu i l t  t oo l s  fo r  f ab r i ca t i on  can  a l l ow fo r  w ide r  adop t ion  and  new 

c rea t i ve  oppor tun i t i es  by  a rch i tec ts  and  des igne rs .   i n  tu rn ,  th i s  w i l l  he lp  re -

es tab l i sh  the  re l a t i onsh ip  be tween  des igne rs  and  the  phys ica l  f ab r i ca t i on  p rocess .  

the  p roposed sys tem a l l ows  fo r  a  f as t  and  i n tu i t i ve  way  to  c rea te  cus tom too l 

pa ths ,  s imu la te  robo t i c  k inemat ics ,  and  p roduc t ion  o f  rap id  code fo r  con t ro l l i ng  an 

aBB- irB 140 indus t r i a l  robo t . 
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