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Abstract 
The design  and  construction  of a fast,  light-weigh't, 

act ive  end-ef fector  which  can  be  at tached t o  the  
end-point o f  a commercial  robot  manipulator is presented 
here.  Electronic  compliancy  (Impedance  Control1 (111 has 
been  developed  on  this  device  The  end-effector  behaves 
dynamical ly   as a two-dimensional ,   Remote  Center 
Compliance (RCCI. The  compliancy in this  active  end-effector 
i s   deve loped  e lec t ron ica l l y   and  can   there fore   be  
modulated  by  an  on-line  computer.  The  device is a planar, 
f ive-bar  l inkage  which  is  dr iven  by t u o  direct  drive, 
brush-less D C  motors. f? two-dimensional,  piezoelectric 
force  cel l   on  the  end-point   of   the  device,   two 12-bit 
encoders,  and two  tachometers  on  the  motors  form  the 
measurement  system  for this device.  The  high  structural 
st i f fness  and l.ight weight   o f  the materiai  used  in  the 
system  a l lows  for  a 25  Hertz  bandwidth  Impedance 
Control. 
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4 .  Introduction 
Manufactur ing  manipulat ions  require  mechanical  

interaction  with  the  environment  or  with  the  object  being 
manipulated.  Robot  manipulators  are  subject  to  interaction 
forces  when  they  maneuver  in a constrained  work-space. 
Insert ing a computer  board  in a s lot  o r  deburring  an  edge 
are  examples o f  constramed  maneuvers.  In  constrained 
maneuvers, one is concerned  with  not  only  the  position o f  
the  robot  end-point,  but a l s o  the  contact   forces.   In  
Constrained  maneuvering,  the  interaction  forces  must be 
accommodated  ra ther   than res is ted.  I f  w e  def ine 
compliancy as  a measure of  the  abili.iy o f  the  manipulators 
t o  react t o  interaction  forces  and  torquss, the objective is 
t o  assure  compliant  motion  (passively  or  actively1 f o r  the 
r o b o t  end-point  in  the  cartesiar,  coordinate  frame  for 
rnanlpulators  that   must  maneuver  in  the  constrained 
environments. 

Rn example  of  the  manufacturing  manipulation  that 
requires  compliancy is robotic  assembly. T o  perform  the 
sssembiy o f  Qar ts   tha t  WE not  perfectly  aligned,  one 
must  use a compiiant  element  between  the  part  and the 
robot Po ease the insertion  process.  The R C C  is a device 
that   can  be  a t tached t o  the  end-point o f  the robo t  
manipulators (3,201. This  aevice  develops B passive 
complianr  interface  between  the  robot  and  the  part.  The 
pr imary  funct ion of the R C C  is t o  act  as a f i t t e r  t h a t  
decreases  the  contact  force  between  the  part  and  the 
robot  due t o  the  robot  oscil lations,  robot  programming 
error,  and  part  f ixturing  errors.  These  end-effectors are 
cal led  pass ive  because  the  e lements  that   generate 
comptiancy  are passive and n o  external  energy is  f lowing 
into the system. 

Rctive  ena-effectors  are  devices  that can  be mounted 
at  the  end-point of the  robot  manipuiators  to  develop  more 
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degrees  of  freedom (5). This  paper  describes  the  design, 
const ruct ion  and  cont ro l   o f   an  act ive  end-ef fector   that  
can  be  used as a  compliant  tool  holder.  There is no  passive 
compliant  element  in  the  system,  because  the  compliancy in 
the  system  is   generated  e lect ron ica l ly  [6,7,111. The 
advantage  of   th is  system  over  other  passive  systems  is 
t ha t  one can  modulate  the  compl iancy in the  system 
arbitrari ly  by  an  on-l ine  computer,  depending  on  the 
requirements  of   the  tasks.   Two OC actuators  power  the 
two  degrees  of  freedom  of  the  system. 
2. Arch i tec tu re  

end-efector. 
Figure 1 shows  the  schematic  diagram  of  the  active 

Axes o f  n 

Figure 1: The  Active-Eneffector  Holding a 
Pneumatic  Grinder 

The  end-effector is a  5-bar  linkage  with t w o  degrees o f  
freedom. All are  art iculated  dr ive  jo ints.   The  l inks  are 
made  of  Rluminium 6061. The  actuators  are OC brush-less 
direct  drive  motors  equipped  with 12 bit   encoders  and 
tachometers.  The  choice  of  the  direct  drive  system 
eliminates  backlash  and  develops  more  structural  rigidity 
in the  system.  This  structural  r igidity  al lows  for  a  wide 
control  bandwidth  and  higher  precision.  The  stal l   torque 
and  the  peak  torque  for  each  motor is 5 Lb-in and 20 Lb-in, 
respectively. Each motors  weighs 2.4 lbs. R wide-bandwidth 
piezoelectric  based  force  sensor is located  between  the 
end-point o f   the mechanism and  the  end-effector  gripper  to 

1 Grinder1 2 Sensor 

Flgure 2: The Side V ieu  o f  the  Force  Sensor 
Assembly 

measure  the  force  on  the tool. The  force  sensor  is 
pre-loaded by a  clamping  bolt,  and  measures  the  force  in 
two dimensions in the  plane  of   the mechanism. The  entire 
weight  of   the Links with  bearings  and  force  sensor  is 111.4 
grams.  The  end-effector  can  be  attached  to  the  robot 
manipulator  by  a  simple  f ixture  between  the  housing  of the 
motors  and  the  robot end-point.  Figure 2 shows  the  side 
view o f  the  end-effector. 
The  characteristics  of  this  end-effector  is aS fol lows: 
Size of  the 5-bar linkage  at  nominal  position2.167"~4.160' 
The  height  of  the  end-effector  with  motors  [excluding  the 
grinder  tool) ........................................................................... 3.760" 
Linear  work-space o f   t h e  end-point ............................... 0.3'' ~ 0 . 3 "  
Resolution o f   t he  end-point  motion ............................. 2.6x10-3 . 
Bandwidth  of  the  control  system ................................ 15 hertz 
To ta l  mass of  the mechanism [without  the too11 .... 0.25 lb. 
Weight of  two  motors ................................................................ 4.8 Lb. 

To ta l  mass  (mass o f   the  mechanism and  the  motors, 
Weight of   the  tool  0.3 Lb. ........................................................................ 

excluding  the  grinding too l )  ................................................ 5.05 lb. 

Figure 3 shows  the  size of  the  end-effector  relat ive t o  
a  hand  Ismall  hand]. 

Figure 3: The  Active EnMffector 

3. M o t i v a t i o n   f o r   D e v e l o p m e n t   o f   t h e   A c t i v e  
End-e f fec to r  

In this  section w e  explain  br ief ly a practical  problem 
that  requires  modulation o f  the  compliance in the  system 
by  an  on-line  computer.  This  example  also  shows  the 
l imitat ion  of  passive RCC in  developing  a  desired  stiffness 
for  arbitrary  frequency  ranges.  The  detai ls  of  the  problem 
is given in references l8,9,101. 

Consider  the  deburring  of  a  surface  by  a  robot 
manipulator;  the  objective is to  use  an  end-effector t o  
smooth  the  surface  down  to  the  commanded  trajectory 
depicted  by  the  dashed  line in Figure 4. I t  is  intui t ive  to 
design  a  system  with  a  large  impedance  [small  compliancel 
In  the  normal  direct ion  and  a  small   impedance  ( large 
compliancel  in  the  tangential  direction. We define  impedance 
as the  ra t io   o f   the  contact   force  to   the  end-ef fector  
deflection  and as a  function  of  frequency. 

R large  impedance  in  the  normal  direction  causes  the 
end-point of   the  gr inder  to  re ject   the  interact ion  forces 
and   s tay   ve ry   c lose   t o   t he   commanded   t ra jec to ry  
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[dashed- l ine) .   The  larger  t h e  impedance   o f   t he  
end-ef fector in the  normal  direction,  the  smoother  the 
surface  wi l l   be.   Given  the  volume  of   the  metal   to  be 
removed,  the  desired  tolerance in the  normal  direct ion 
prescribes  an  approximate  value  for  impedance in the 
normal  direct ion.  The  force  necessary  to  cut in the 
tangent ia l   d i rect ion  a t  a constant  traverse  speed  is 
approximately  proport ional  to  the  volume  of  the  metal  to 
be  removed [8,9,101. Therefore,  the  larger  the  burrs  on  the 
surface,  the  slower  the  manipulator  must  move in the  
tangent ia l   d i rect ion  to  maintain a re la t i ve ly   cons tan t  
tangential  force.  This is  necessary  because  the  slower 
speed  of  the  end-point  along  the  surface  implies a smaller 
vo lume  o f   meta l   to   be   removed  per   un i t   o f  time,  and 
consequently,  less  force in the  tangential  direction.  To 
remove the metal  from  the  surface , the  grinder  should 
slow down in response  to  contact  forces  with  large  burrs. 

normal 
force 

Figure 4: Deburring  an  Edge 

The  above  explanat ion  demonstrates  that  it is 
necessary for the end-effector  to  accommodate  the 
interaction  forces  along  the  tangential  direct ion,  which 
directly  implies a small  impedance  value  in  the  tangential 
direct ion. I f  a designer  does  not  accommodate  the 
interaction  forces  by  specifying a small   st i f fness  value in 
the  tangential  direction,  the  large  burrs  on  the  surface  will 
produce  large  contact  forces in that  direct ion  which  stal l  
the  tool.   Large  contact  forces in the  tangential  direct ion 
may  develop a deflection  in  the  end-point  position in the  
normal   d i rect ion,   which  might   exceed  the  des i red 
tolerance. A smal l   va lue  for   the  impedance  in   the 
tangent ia l   d i rec t ion   ( re la t i ve   to   the   impedance in the  
normal  direction]  guarantees  small  contact  force  in  the 
tangent ia l   d i rect ion.   The  f requency  spect rum  of   the 
roughness  of  the  surface  and  the  desired  translat ional 
speed  of   the  robot  a long  the  surface  determine  the 
frequency range of operation, w b.  

On the  other  hand,  for  compensation  of  the  robot 
oscillation,  the impedance of  the  end-effector in the  normal 
direct ion  must  be  small   for  al l   the  frequency  range  of  the 
robot   osc i l la t ions  and  f ix tur ing  er rors ,  or. The  smal l  
impedance  [ large  compliance) in the  normal   d i rect ion 
a l l o w s   f o r   c o m p e n s a t i o n   o f  the robot   pos i t ion  
uncertainties  and  part  f ixturing  errors. Choosing  a large 
impedance in the  normal  direction  for  deburring  purpose 
conflicts  with  the  required  impedance  to  compensate  for 
robot  oscillations.  The  compensation  for  robot  position 
uncertainties  demands a low impedance  [large  compliance] 
in the  normal  direct ion,  while a large  impedance is 
required  for   deburr ing  purposes. In theory,   both 
requi rements  could  be  sat is f ied if one  designs  qn 
end-effector  with  the  dynamic  characteristics  shown in 
Figure 5 .  A s  shown  in  Figure 5, /SX,( jwl /GF, I ju) l  is very  
large  for  al l   frequency  range  of  the  robot  osci l lat ions  and 

the  f ixturing  errors, up- and  very  smal l   for   a l l   f requency 
range  of  the  burr, wb. Ulhile  a  Large ~ G X , [ j u l / G F , l j w l ~  in 
[ o , ~ , ]  does not  let  the  robot  osci l lat ions  develop a large 
var ia t ion  in   the  normal   contact   force,  a sma l l  
1GX,(jw)/GF,(jw]l in a b  wi l l  cause  the  end-effector  to  be 
very s t i f f  in  response  to  the  burrs. Figure 5 also  shows  the 
dynamic  behavior  of  the  end-effector  in  the  tangential 

direction.  For a l l  W E W b ,  16Xt( ju l /GFt( jwl l  is Large 
to  guarantee  the  deburring  requirements.  Note  that 
~GX,~jwl/GF,~jwl~<~~GXtljwl/SFt~jwl~ f o r   a l l  W E u b ,  

I t  is  i m p o s s i b l e   t o  design  and  bui ld .a passive 
end-effector  using RCC with  the  dynamic  characteristics 
shown in  Figure 5. This is because of  the  role  the  constant 
mass of   the  tool   p lays  in the dynamic  behavior  of  the 
end-effector.  Figure 6 shows a passive  tool-holder  that 
contains  an RCC (21. Since the  mass  of  the  grinder is a 
constant  parameter  in  the dynamic equations  of  the  Passive 
end-effector  in  both  directions,  the  only  possible dynamic 
behavior   for  a passive  end-effector is o f   t he   f o rm  g i vw  in 
Figure 6. For a given  set  of K, and K t  in both  directions,  one 
cannot   choose  a rb i t ra ry   na tura l   f requenc ies   [o r  
approximately  bandwidth1  in  both  direct ions.  The  natural 
frequencies  [or  bandwidths]  for a passive  end-effector  are 
f ixed  approximately  at  and m. Once K, and 
K t  a re   chosen  fo r   debur r ing   requ i rement   and  the  
compensation  of  the  robot  osci l lat ion  and  the  f ixturing 
errors,  then  and  cannot  arbitrari ly  be 
chosen  to  meet  the  requirements  of  the u,. and ab. Ule 
w i l l  show  in  Section 5 that  with  active  end-effector  one  can 
modulate  the  impedance  of  the  system  electronically. This 
method  is  cal led  impedance  control  14,6,7,111. Ulith  this 
method  one  can  choose  arb i t rary   s t i f fness  in   two 
orthogonal  direct ions,  within  two  various  frequency 
ranges. 

4. Design 
In   th is   sect ion  two  s ign i f icant   proper t ies  o f   th is  

end -e f fec to r   a re   exp la ined .   A l though   the   ac t i ve  
end-effector  can  be  used as a micro  positioning  system  for 
small   and  fast  maneuvering  of  the  tool,  it is designed t o  
act as an RCC. The  end-point of   the  end-ef fector  behaves 
as if there  are  two  orthogonal  springs  holding  the  tool. 

1 
10 ' ' ' I  0 , . ' I  1 1 ' 1  ' ' - 
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io 
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10 
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101 102 lo3  

H a d / s e c  

Figure 5: The  Required  Dynamic  Behavior  for 
Deburring 

I n  this  behavior,  the  end-point  motion is 
very  small.  Equation 1 describes the dynamic  behavior  of 
the mechanism, for  small   perturbation  of  the  mechanism 
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Figure 6: R PaSSlVe EndIffector  and  Its  Dynamic 
Behavior  (Reference 2) 

around  its  nominal  point  in  absence  of  the  centrifugal  and 
coriolis  forces. We wi l l   j us t i f y   t he  absence of   cent r i fugal  
and  coriolis  forces in the  dynamic  equations of   the  system 
in our  analysis. 

ii = J, M,-~T (1 )  

Ulhere: 

X =  [ X t  X,] T................. Zxlvector   o f   the  too l   pos i t ion  in   the 
Cartesian  Coordinate  frame 
J, .................................... 2 x 2  Jacobian  matrix 
M, ................................ 2 x 2  mass matrix 
T- [T1 T21T .............. 2x1 vector  of   the  motor  torque 

J, M,-' is  a  t ransmission  rat io  between  the  actuator 
torque  and  the  end-point  accelerat ion.  This  matr ix  is 
function o f  jo int   angles.  I t  is desirable t o  operate  the 
end-effector  in  an  orientation  such  that J, M,-, is almost 
constant o r  has  minimum ra te   o f  change.  The  general  form 
M, and J, are  given in  Appendix R by  equations A1 and R 2 .  
Figure f l 1  in Appendix A shows  a  five-bar  linkage in the 
general  form.  The  device is designed to  operate  around  the 
neighborhood  of  the  nominal  orientat ion  of e l=  goo, e,=oo, 
e3=9Oo and e4=1800 as  shown  in  Figure 7 .  8, and e4 are 
the  driving  angles,  and  we  intend  to  drive  the  system  such 
that 85°<e1<950 and 175°<e4<1850, [Tota l   o f  +5O deviation 

from  their  nominal  values). I t  can  be  shown  that  the  rate 
o f  change o f  J,M,-' a t  this  nominal  orientation is  minimum. 
The  dynamic  manipulability, w d  is defined as the  square 
roo t   o f   the   mu l t ip l i ca t ion   o f   the  maximum  and  minimum 
s ingular   va lues  o f  J,M,-' (19). a d  measures  the  rate  of  
change o f  J,M-'. 

wd=~/QmaxlJcMO-') Vm&,M0-') (21 

or  equivalently: 

ad = 4 detlJ, M,-l JCT) 

is p lo t ted  in Figure 8 as a  function O f  perturbations  on 
68, and 6e4. The  perturbation  around  the  nominal  values 
of  e, and e4 are  called 681 and 6%. 

MOTOR 2 

MOTOR 1 

3 
Grinder 

I x, A 2 
U 0 

\ 

Part s w  

1 
Figure 7:  The  End-ef fector   a t   i ts   Nominal   pos i t ion 

8,=90a and 8,=t80a 
According to  Figure 8 ,  a d  is   "smooth"  for   a l l   smal l  
per turbat ions  around  nominal   va lues  o f  8, and e4.  
Insert ing el= 90, e2=0, e3-90 and 13~=180 into  equations R l  
and R2 (from Rppendix A )  results  in  diagonal  matrices  for J, 
and M, such  that  J,M,-' is  diagonal  and  also  has  the 
minimum r a t e   o f  change  when e, and e4 vary  s l ight ly  f rom 
their  nominal  values.  Note  that  the  plot in Figure 8 shows 
only   that   a t   the  conf igurat ion  shown,  J, Mo-'  has the 
minimum r a t e   o f  change  and  this  allows  us  to  use  equation 1 
as our  dynamic  model  for  the  active  end-effector. Since the  
r a t e   o f   c h a n g e   o f  J, M,-' is  minimum at   the  nominal  
conf igurat ion,   centr i fugal   and  cor io l is   forces  can  be 
neglected  from  the  dynamic  equations  of  the  end-effector. 
(These  terms  are  funct ions  of   the  rate  of   change  of   the 
inertia  matrix]. I f  the  end-effector is considered in another 
configuration,  then  any  sl ight  perturbation  of  the  driving 
jo in ts   wi l l   develop  s ign i f icant   change in J,M,-' a n d  
consequent ly,   non- l inear i ty  wi l l   be  developed  in  the 
dynamic  behavior  of  the  system. Since J,M,-' is  a  diagonal 
matrix,  then  the  dynamic  equation  of  the  end-effector is 
uncoupled.  Based  on  this  uncoupling,  for  a  limited  range, 
motor  1 maneuvers  the  end-point  in  &-direction,  while 
mo to r  2 moves  the  end-point   independent ly   in   the 
X,-direction. 

We use  the  end-effector in the  configuration  shown 
in Figure 7. A l l  the  l inks  are  orthogonal  to  one  another. If 
el is  perturbed  f rom  i ts  nominal   value as much  as OL, then 
the  value  of  the  end-point  perturbation  in  the X, direction, 
6e ,  can  be  calculated  form  equation 3. Figure 9 shows  the 
configuration  of  the  perturbed  system. 
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MOTOR I 

Figure 9 : The  5-bar  Mechanism  with  Small 
Def lect ion of Q 

6e=- 4 or2 [ t 5 -  L 2  - 7 1  11 L5 

2 12 
(31 

For &=O, the  following  equality  must  be  satisfied. 

15- 1, = - 4 15 
13 

14) 

By satisfying  equation 4, we  choose  the  lengths  of  the 
mechanism  such  that  the  end-point  of t h e  end-efector 
always  moves  along  the X t  axis fo r   smal l   va lue   o f  or. 

I0r<tSo1 This  configuration is  an  appl icat ion  of   the  wel l  
known  Watts (121. straight  l ine mechanism.  This property is 
at t ract ive  for   deburr ing  purposes.  According t o  the  
references [S,lOl, the  end-effector  must  be  very s t i f f  in  the 
direct ion  normal  to  the  part  and  compliant  in  the  direct ion 
tangential t o  the  part.  Once the  grinder  encounters a burr, 
motor 1, which is responsible f o r  motion in the  Xt-direction, 
moves  the  tool   backward t o  decrease  the  amount  of  the 
force. In the  deburring  process,  motor 1 constantly  moves 
the  end-point  back  and fo r th  in the  Xt-direction. If equation 
4 is guaranteed,  then  the  motion o f  the  end-point  in  the 
Xt-direction  does  not  affect  the  motion  of  the  tool  in  the 
X,-direction. The  kinematic  independence o f   t he  end-point 
motion  in %,-direction from  the  motion  of  the  end-point  in 
Xt-direct ion  a l lous  for  a very  smooth  surface  f inish f o r  
deburr ing  purposes.  The  fo l lowing  constraints  are 
suff icient  to  result  in  the  exact  lengths  of t h e  mechanism: 

- Equation 4 must  be  satisfied. 
- For  simplicity in design  and  construction, 1,=14 and l 3 = l Z  
- 1,=3" (Each actuator  has 1.375" radius] 
- l 4  must  be  such  that if 0'e4=50, the  amount  of  motion 
in  X,-direction is  0.15". 
The  above  f ive  constraints  are  suff icient  condit ions  to 
resul t   the  lengths o f  the  f ive  l inks. Using the  tr iangle 
equal i ty  and some algebra,  the  fol lowing  lengths  are 
calculated: 
1,=3", 1, = 0,906". 12= 1.917", t3=1.917" and L4=0.906" 

5. Electronic  Compl iancy 
First  we  frame  the  controller  design  objectives  by a 

set  of  meaningful  mathematical  terms;  then  we  give a 
summary  of  the  control ler  design  method  to  develop 
compliancy for  linear  systems.  The  complete  description  of 
the  cont ro l   method t o  develop  electronic  compliancy 
(impedance  control1  for an n degree  of  freedom  non-linear 
manipulative  system is  given  in  reference 11. 

The  cont ro l ler   des ign  ob ject ive  is   to   prov ide a 
stabilizing dynamic compensator f o r  the  system  such  that 
the  rat io  of  the  posit ion  of  end-point  of  the  end-effector 
t o  an  interaction  force is constant  uithin a given  operating 
frequency  range.  (The  very  general  definit ion is given  in 
re fe rences  5 and 7). The  above  statement  can b e  
mathematically  expressed  by  equation 5 

GF(jw1 = K SXIjwl f o r  a l l  O C W C W ,  (51 

where: 
G F [ j w I =  2 x 1  vector  of   the  deviat ion  of   the  interact ion 

f o r c e s  from  their  equilibrium  value  in  the  global 
Cartesian  coordinate  frame. 

6X ljuI= 2x1 v e c t o r  o f   the   dev ia t ion   o f  She end-point 
posit ion  from  the  nominal  point  in  the  global 
Cartesian  coordinate  frame. 

matrix  with  constant  members. 
K = 2 x 2  real-valued,  non-singular  diagonal  stiffness 

w o  = bandwidth  (frequency  range o f  operation) 
J = complex  number  notation, 0 
The  s t i f fness  matr ix  i s  the  designer's  choice  which, 
depending  on  the  application,  contains  different  values  for 
each  direction. By specifying K, the  designer  governs  the 
behavior  of  the  end-effector  in  constrained  maneuvers. 
Large  elements  of  the  K-matrix  imply  large  interaction 
forces  and  torques.  Small  members  of  the  K-matrix  allow 
fo r  a considerable  amount  of  motion  in  the  end-effector 
in  response  to  interaction  forces.  Even  though a diagonal 
st i f fness  matr ix is  appealing  for  the  purpose o f  stat ic 
uncoupling,  the  K-matrix  in  general is not  restr icted t o  any 
structure. 

Mechanical  systems  are  not  generally  responsive t o  
external   forces  at   h igh  f requencies.  As the  frequency 
increases,  the  effect  of the  feedback  disappears  gradually, 
(depending  on  the  type  of  controller  used),  unti l  the  inertia 
o f  the system  dominates i t s  overal l   motion.  Therefore, 
depending  on  the  dynamics  of  the  system,  equation 5 may 
no t   ho ld   f o r  a wide  frequency  range. It is necessary  to 
consider  the  specification  of w e  as the  second  item o f  
interest .  In other  words, t w o  independent  issues  are 
addressed  by  equat ion 5: f i r s t ,  a simple  relat ionship 
between G F u j w l  and G X l j w l ;  second, the Frequency  range 
o f  operation, a,, such that  equation 5 holds  true. Besides 
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choosing  an  appropriate  stiffness  matrix, K, and a v iable 
w 0 ,  a designer  must  also  guarantee  the  stabi l i ty  of  the 
c losed- loop  system.  In  summary,   we  are  looking  for  a 
dynamic  behavior   for   the  manipulat ive  system  that  
resembles  the  the  dynamic  behavior  shown in Figure 5. 

We consider  the  archi tecture  of   Figure 10 as  the 
c losed- loop  control   system  for   the  end-ef fector.   The 
detai led  descript ion  of  each  operator in Figure 10 is given in 
reference 11. Since the  dynamic  behavior  of  the  end-effector 
in the  neighborhood  of i t s  operating  point is  linear, a l l   t he  
operators in Figure 10 are  considered  transfer  function 
matrices. In the  genera l   approach  for   development   o f  
compliancy in reference 11, E, G, H and S are  non-linear 
operators. _ _ _ _ _ _ _  

'--- - - - -  
I s 1  x I 4  

-v - 
Compensator 

Figure 10: The  Closed-Loop  Control for t h e  
End-Effector 

G is the transfer  funct ion  matr ix  that   represents  the 
dynamic  behavior  of  the  manipulative  system  [end-effector 
in our  case] c o n t r u  . The  input  to G is a 
n x l  vector   o f   input   t ra jectory ,   e .   The  fact   that   most  
manipulat ive  systems  have  some  k ind  o f   pos i t ion ing 
control lers is the  motivation  behind  our  approach. One 
can  use   g rea t   number   o f   methodo log ies   fo r   the  
development  of  the  robust  positioning  controllers (14,15,18) 
G can  be  calculated  experimental ly  or  analyt ical ly.  Note 
tha t  G is  approximately  equal t o  the  uni ty  matr ix  for   the 
f requencies  wi th in  i ts   bandwidth.  S is the  sensi t iv i ty 
t ransfer   funct ion  matr ix .  S represents  the  re lat ionship 
be tween  the   ex te rna l   fo rce  on the end  po in t   o f   the  
end-effector  and  the  end-point  motion. This motion is due 
to  e i ther  structural   compl iance in the  end-ef fector 
mechanism or  the  positioning  controller  compliance.  For 
good  positioning  system S is quite  "small".  (The  notion  of, 
"small"  can  be  regarded  in  the  singular  value sense when S 
is  a t ransfer   funct ion  matr ix .   Lp-norm [18,19] can  be 
considered  to show the  size  of S in  the  non-linear  case.) E 
represents t h e  dynamic  behavior  of  the  environment 
Readers  can  be  convinced  of  role o f  E by  analyzing  the 
relationship o f  the  force  and  displacement  of a spring as  a 
simple  model  of t he  environment. H is the  compensator  to 
be  designed.  The  input  to  this  compensator is the  contact 
force.  The  compensator  output  signal is being  subtracted 
from  the  vector  of  input command, r, result ing  in  the  error 
signal, e,  as the  input  trajectory  for  the  robot  manipulator 
r i s  the  input  command  vector  which  is  used  differently  for 
the  two  categor ies  of   maneuver ings; as  a t r a j e c t o r y  
command t o  move  the  end-point  in  unconstrained  space 
and as  a command  to  shape  the  contact  force  in  the 
constrained  space. When the  manipulative  system  and 

. .  . 

environment  are in contact,  then  the  value o f  the  contact  
force  and  the  end-point  position  of  the  robot  are  given  by 

equations 6 and 7. 

f=E( I+SE+GHE)- 'Gr  [61 

y=[I+SE+GHEI-'Gr [7) 

The  general  goal is  t o  choose a class of  compensator, H, t o  
shape the  impedance  of  the  system, E[I+SE+GHE)-'G, in 
equation 6. When the  system is not  in  contact   wi th  the 
environment,  the  actual  position  of  the  end-point is equal 
to  the  input  t ra jectory command  within  the  bandwidth o f  G. 
[Note  that G is  approximately  equal  to  unity  matr ix  within 
i ts  bandwidth.)  When the  system  is in contact   wi th   the 
environment,  then  the  contact  force  follows r according 
to   equat ion 6. The  input  command  vector, r, is  used 
dif ferently  for  the  two  categories  of  maneuverings; as an 
input  trajectory  command  in  unconstrained  space  and  as a 
command to   cont ro l   force in constrained  space. We do  not 
command  any  set-point for   force as we do in admittance 
cont ro l  [13,211. This  method  is  called  Impedance  Control 
14,6,7) because it accepts a posit ion  vector as input  and it 
re f lec ts  a force  vector  as output.  There is  no hardware  or 
sof tware  swi tch in the  control   system  when  the  robot 
travels  from  unconstrained  space  to  constrained  space. 
The  feedback  loop  on  the  contact  force  closes  naturally 
when  the  robot  encounters  the  environment.  UJhen the  
system is  contact  with  the  environment,  then  the  contact 
force is is a func t ion   o f  r according t o  equation 6. This 
compensator  must  a lso  guarantee  the  stabi l i ty   of   the 
system. 

We are  interested in a par t icu lar   case  when  r -0 .  
Suppose  the  environment  is  being  moved  into  the 
end-effector  or  the  end-effector is  being  moved  into  the 
environment.  This is  the  case  that   occurs  in  robot ic 
deburring.  The  relation  between  the  contact  force  and  the 
end-point  deflection is  given  by  equation 8 if E approaches 
00 in  the  singular  value sense. (This is  shown  in  reference 11) 
f=IS+HI-' x (81 

Equality 8 is derived  by  inspection  of  the  block  diagram in 
Figure IO. The  fact  that in most  manufacturing  tasks  such as 
robotic  deburring,  the  end  point  of  the  system is in contact 
wi th a very  st i f f   environment, is the  motivation  behind  our 
consideration  in  development o f  equation 8.  (S+Hl-'is  similar 
to  the  stiffness  matrix, K which is defined  by  equation 5. By 
se lec t ing   the   va lue   o f  H and  knowbedge o f  S one  can 
select  the  members  of H such  that lS+HI - '  of  equation 8 
meets the deburring  requirements as given  by  equation 5. 

6 .  Experiments 

descr ibe  the  dynamic  behavior  of   the  end-ef fector  in 
constrained  and  unconstrained  maneuverings. 

I n  Section 6.1 the  experimental  frequency  response  of 
the  transfer  function  matrix, G, and  the  sensitivity  transfer 
function  matrix, S are  given.  The  values o f  G and S are 
necessary t o  estimate  the  stabil ity  bound  on H. Section 
6.2 demonstrates  the  end-point  impedance, (ScH1-l and  the 
uncoupled time-domain  closed-loop  dynamic  behavior o f   the  
end-e f fec to r  in the  const ra ined  and  unconst ra ined 
maneuverings.  The  control  architecture  of  Figure 10 is used 
to  control  the  system. 

Two  sets  of  experiments  are  described  here t o  
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TWO  brush-less OC motors  are  used  to  power  the t w o  
degrees  of  freedom  of  the  end-effector.  The  continuous 
stal l   torque  and  peak  torque  are 5 lbf-in  and 20 lbf-in  at 
2.25 and 6.7 amp, respectively.  Motors  are  driven  by  two 
PWM amplif iers.  The  amplif ier  has 7.5 amps  continuous 
output  current.  Both  motors  are  equipped  with  resolvers 
that  provide 12-bit orientation  data  and  an  analog  velocity 
feedback  signal  with  resolution  of 0.019 vol ts/rad/sec. R 
3-component  piezoelectric  force  transducer  and a charge 
amplif ier  are  used t o  measure  forces  in  two  directions  in 
the  Cartesian  coordinate  frame.  The  force  transducer  is 
pre- loaded  a t   the  end  po int   o f   the  end  e f fector   by a 
clamping  screw as shown in  Figure 2. The  resolution  of  the 
force  transducer is  2.2  x  Lbf.  The stiffness o f  t he  force 
transducer  in  each  measuring  direction i s  about 1.5 X lo9 
lbf/ in. 

Since the dynamic behavior  of   the  end-ef fector  in  two 
directions  are  uncoupled,  matrices E, S , G and H of  Figure 10 
are  diagonal. Each motor  of   the  end-ef fector  was  t reated 
separately  and a control  loop  similar  to  the one in Figure IO 
was  designed fo r  each  motor 

6.1. Exper imenta l   and  Theore t ica l   Va lues   o f  G and S 
In this  set  of  experiments,  the  position  transfer  function 

matrix, G, the  sensitivity  transfer  function, S are  measured. 
Figure 11 shows  the  analytical  and  experimental  values of G 
for  t w o  orthogonal  directions. Fo r  measuring G, a series of  
sinusoidal  commands  with  frequencies  within  25  hertz  were 
imposed  on  each  motor.  The  amplitude  of  orientation  of 
each  motor  was  measured  at  each  frequency.  The  ratio  of 
the  ro tat ion  o f  the motor t o  the  input  command  represents 
the  maqnitude  of G a t  each  frequency. 

I I 

db 

-20 L I I 
1 10 100 

rad/sec 

-12 1 
-141 I I I I I I , I  , , , , I  

1 10 100 1000 
rad/sec 

Figure 11 : The  Posit ion  Transfer  Function, G 

For  measurement  of  the  sensitivity  transfer  function 
matrix,  the  input  excitation  uas  supplied  by  the  rotation  of 
an  eccentric  mass  mounted  on  the  tool  bit.  Figure 12 shows 
the  experimental  set-up  for  measurement  of S. The 

rotat ing mass exerts a centerifugal  sinusoidal  force  on  the 
tool  bit.  The  frequency  of  the imposed force is equal  to  the 
f requency   o f   ro ta t i on   o f   t he   mass .  By vary ing   the  
f requency  o f   the  ro tat ion  o f   the mass, one  can  vary  the 
frequency  of  the imposed force on the  end-effector.  Figure 
13 depicts  the  sensit ivi ty  transfer  function.  The  values  of 
the  sensi t iv i ty  t ransfer  funct ions  a long  the  normal  and 
tangential  directions,  within  their  bandwidths,  are 0.7 m/ lb f  
and 0.197 in/ lbf   respect ively.  

I Axis 1 

I 7 

4 
Force Signal 

WR 

Figure 12: The  Experimental  Set-up  for 
Measurement o f  the  Sensi t iv i ty  Transfer  Funct ion 

%"direction 

10 100 1000 
rad /sec  

Figure 13: The  Sensitivity  Transfer  Function, 5 

6.2 The   C losed-Loop   Dynamic   Behav io r   o f   t he  
End-Ef fec to r  

Frequency  domain  and  time  domain  methods  have 
been  used  to  describe  the  dynamic  behavior o f  the  
closed-loop  system.  Section 6.3.1 is devoted  to  ver i fy ing 
experimentally  the  model  of  the  end-point  compliancy  in 
both  directions  when  an H is  designed to  close  the  loop as 
shown in Figure 10. 
6.2.1 The  End  Point  Compliancy 

The  nature  of  compliancy f o r  the  end  effector is given 
by  equation 8. H was  chosen  such  that IS+H)- '  in  each 
direction is equal  to t h e  desired  stiffness  given  by  equation 
5. H must  also  guarantee  the  stability o f  the  closed-loop 
system.  The  very  simplified  stability  criteria  for a single 
input  single  output  system (111 is given  by  inequality 9. 

(GH I <IS + 1/El f o r   a l l  W E ( O , - ~ I  I91 

1/E is  very   smal l   fo r  a very  rigid  environment  and G is 
approximately  equal   to  uni ty  wi th in  i ts   bandwidth.   The 
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va lues   fo r  H along  the  normal  and  tangent ia l   d i rect ions  the  contact   force in X,-direction  is larger than the contact 
wi th in  their   bandwidths  are 0.01 i n l l b f   and  0.194 i n l l b f  force  in  Xt-direction. 
respectively.  These  values  result  in 0.39 i n l l b f   and  0 7 
i n l l b f   f o r  ( S + H ]  within  the  bandwidth  of  the  system.  The 
va lues   o f  [ S + H )  with in   i ts   bandwidth  represent   the 
members  of  matr ix K-' in  equation 5. Figure 14 shows  the 
experimental  and  theoretical  values  of  the  end-point 
compliancy  [Figure 14 actual ly  shows  the  end-point  
admittance  where it is  reciprocal  of  the  impedance in the 
Linear  case.) The  experimental  set-up  shown  in  Figure 12 
was  used  to  measure  the  end-point  compliancy.  The 
dynamic  behavior  of  Figure 14 can be compared  with  the 
desired  dynamic  response for  deburring  given  by  Figure 5. 

10 T ' I . : Data 
- : Simulation 

r 

.01 I 
10 100 

rad/sec 
IO00 

Figure 14 : The End-Point Admittance  (l/Impedance) 

6.2.2 Uncoupl ing  of   the  Contact   Forces 
In this set  of  experiments,  the  whole  end-effector 

was  moved  in  two  different  directions  to  encounter a  edge 
o f  a part .   The  object ive  was  to  observe  the  uncoupled 
time-domain  dynamic  behavior of   the  end-ef fector  when 
the  end-effector  is in contact  with  the  hard  environment. 
The  control ler  was  designed  according  to  reference (11) 
such  that  K t  and  K, a re  0.32 l b f / i n   and   4 .0   l b l i n  
respect ively.  F i r s t  the  end-ef fector was moved 0.5" 
beyond  the  edge  of  the  part in X,-direction. Figure 7 shows 
the  schematics of  the  experimental set-up. 

Fiaure 15: Force In the  X.-direction increases  form 
z e r o   t o  2 Lbf. 

Figure 15 shows  the  contact  forces.  The  force  in 
X,-direction increases  from  zero  to 2.0 lbf   whi le  the  force 
in the  Xt-direction  remains a t  zero.  Next  the  end-effector 
was  moved 0.5" beyond  the  edge  o f   the  par t  in the  
X,-direction. Figure 16 shows  the  contact  forces.  The  force 
in  X*-direction  increases  from  zero  to 0.16 lb f   wh i le   the  
force in X,-direction remains a t   ze ro .   I n   bo th  cases  the 
end-effector  was  moved as 0.5" beyond  the  the  edge  of  the 
s t i f f  wa l l .  Since the  s t i f fness  o f   the  end-ef fector  in 
X,-direction is larger  than  the  stiffness  in  X,-direction, 

ze ro   t o  0.16 Lb. 

6.3.3 Uncoupling o f  t he   Mo t ion  
The  objective  was  to  observe  the  uncoupled  dynamic 

behav io r   o f   t he   end -e f fec to r   i n   uncons t ra ined  
maneuver ing  of   the  e, ld-ef fector  when  equat ion 4  is 
sa t is f ied .   The  end-po in t   o f   the   end-e f fec to r   was  
commanded t o  move  in X,-direction. Figure 17 shows  the 
joint  angles, 8 ,  and e4, of  the  end-ef fector  when el i s  
accepting a step-wise  motion command. e4 remains  at 
The  plot  shows  the  uncoupling  of  the  joint  angles in the  
closed-loop  system. 

Figure 17: Uncoupled  Motion In Two Orthogonal 
Directions 

7. Summary and Conclusion 
An active  end-effector  with  control lable,  compliant 

motion  [Electronic  Compliancy]  has  been  designed,  built, 
and  tested  for  robotic  operations.  The  active  end-effector 
(unlike  the  passive  system1  does  not  contain  any  spring  or 
dampers.  The  compliancy  in  the  active  end-effector  is 
developed  electronical ly  and  therefore  can  be  modulated 
by  an  on-line  computer.  The  active  end-effector  allows  for 
compensation o f  the  robot 's  posi t ion  uncertaint ies  f rom 
f ixturing  errors,  robot  programing  resolut ion,  and  robot 
oscil lations.  This  fully  instrumented  end-effector  weighs 
only 5.05 lbs.  and  can  be  mounted  at  the  end-point  of  the 
commerc ia l   robot   manipulator .   Two  s ta te-of - the-ar t  
miniature  actuators  power  the  end-effector  directly.  The 
high  stiffness  and  l ight  weight o f  the  material  used  in  the 
system  al lows  for a wide  bandwidth  Impedance  Control. A 
miniature  force  cell  measures  the  forces  in  two dimensions. 
The  too l   ho lder   can  maneuver  a very  l ight   pneumatic 
grinder in a l inear  work-space  of  about 0.3"x0.3". The 
measurements  taken  on  the  mechanism  are  contact  forces, 
angular  velocities,  and  the  orientation  of  the  mechanism. 
Satisfying a k inemat ic  constraint   for   th is  end-ef fector 
al lows  for   uncoupled  dynamic  behavior  for  a bounded 
range. 
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Rppendix R 
This  appendix is dedicated  to  deriving  of  the  Jacobian 

and  the  mass  matrix  of a general  five-bar  linkage. In Figure 
R l ,  ji , t i ,   x i ,   mi  and e i  represent  the  moment  of  the  inertia 
re la t i ve   to   the  end-point, length,   locat ion  o f   the  center   o f  
mass,  mass and  the  or ientat ion  of   each  l ink  for  i= 1,2,3 and 
4. 
Using the  standard  method in [1,21, the  Jacobian  of   the 

linkage  can  be  represented  by  equation R1. 

J, = I J11 J22 
where: 

J i1 = -1, sin[Oi1 + a L5 sin IO2) 

J 12 = - b l5 sin IO2 1 
J 21 11 C O S I O 1  I -  a L5 COS[@2I 

J 22 = b 15 COSIO~I  

Flgure R1: The Five Bar  Linkage In the General Form 

The  mass  matrix  is  given  by  equation RZ. 

I Mlj ME! 1 
i I M21  M22 ) 

M =  [R21 

Ulhere: 
M,; = j, + m2 t1 + j2 a2 + j, c 2  + Z  x2 t, cos[@? - 0 ~ 1  a mn2 

=j, a  b +b  cosi0, -B2) x2 1, rn2*j3cd+c cosi0,- 0,) 

x3 14 m3 
M21 
M,, = 2 m3 1, x3 d cos10,-031 + j3 d2 + j4+rn3 lG2 + j, b2 

a, b , c , d are  given  below. 

a = L 1  sin[@, - / [ l2 - 03)1 
b = t4 031 / [ i2 sinla;, - 031! 
c = l1 sin[@,- @,I / [ i3 ~ i n [ @ ~ - @ ~ l j  
d 

11 
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