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Description 

This  invention  relates  to  a  tool  holder  having  a 
built-in  device  for  sensing,  and  thereby  monitoring, 
the  cutting  forces  applied  to  a  cutting  insert  during 
a  machining  operation.  Such  a  tool  holder  in  known 
from  "Patent  Abstracts  of  Japan",  M  section,  vol. 
1,  no.  40,  April  21,  1977,  page  2596  M  76,  JP-A  51 
148  881. 

Considerable  effort  currently  underway  to  devel- 
op  devices  for  monitoring  the  cutting  process  in  or- 
der  to  successfully  implement  untended  machining 
systems.  Some  of  the  parameters  under  considera- 
tion  for  sensing  by  such  devices  include  forces, 
torque,  deflection,  temperature,  vibration  and  pow- 
er. 

The  device  of  this  invention  is  directed  to  the  in- 
strumentation  of  a  tool  holder  in  order  to  sense  the 
magnitude  of  the  cutting  force  applied  to  a  cutting  in- 
sert  during  a  machining  operation  and/or  the  values 
of  the  ratios  between  force  components.  Actually, 
the  forces  being  monitored  are  the  forces  resulting 
from  the  response  of  the  cutting  tool  insert  to  the 
cutting  action. 

Force  sensors  are  generally  termed 
"dynamometers".  Dynamometers  for  such  force 
sensing  incorporate  sensors  on  the  tool  holder  and 
the  tool  holder  is  mounted  in  a  housing.  Wire  strain 
gage  dynamometers  have  been  used  in  this  manner, 
but  these  are  not  very  sensitive  due  to  low  gage 
factor  (i.e.  ability  to  convert  strain  signal  into  volt- 
age  signal)  of  about  2.  Consequently,  when  wire 
strain  gages  have  been  used  it  has  been  necessary 
to  use  tool  hotders  having  a  long  overhang  with  the 
gage  section  (i.e.  where  the  strain  gages  are  mount- 
ed)  having  the  smallest  cross-section  possible  in  a 
workable  system.  Such  an  arrangement  has  the  in- 
herent  disadvantage  of  reducing  the  stiffness  of 
the  tool  holder.  Further,  the  response  frequency  of 
this  type  of  dynamometer  is  also  low.  Semiconductor 
strain  gage  dynamometers  are  more  sensitive  (i.e. 
gage  factor  of  approximately  120)  but  the  response 
frequencies  of  these  dynamometers  are  still  low 
(i.e.  a  few  hundred  Hertz).  Piezoelectric  dynamome- 
ters  (e.g.  the  Kistler  piezoelectric  3-component 
lathe  dynamometer  Model  9263)  have  higher  sensi- 
tivity  as  well  as  higher  response  frequency.  How- 
ever,  the  response  frequency  of  commercial  lathe 
dynamometers  is  still  low  since  the  sensing  units  are 
located  in  a  housing,  which  imposes  a  heavy  mass 
on  top  of  the  load  cells.  In  addition  to  having  low  re- 
sponse  frequency,  the  sensing  system  with  its 
housing  is  bulky  and  inconvenient  to  mount  on  a  ma- 
chine  too!  turret. 

In  an  attempt  to  improve  force  sensing  capability, 
a  paper  presented  by  Lindstrom  and  Lindberg  pre- 
sented  at  the  24th  International  Machine  Tool  De- 
sign  and  Research  Conference  (August  31  to  Sep- 
tember  1,  1983)  at  Manchester,  England  describes  a 
force  monitoring  arrangement  in  which  a  one-compo- 
nent  force  sensor  using  a  piezoelectric  element  was 
mounted  in  the  tool  holder  directly  under  the  cutting 
tool  insert.  In  this  arrangement  the  normal  compo- 
nent  of  the  cutting  force  acted  at  one  corner  of  the 
load  cell.  Such  a  force  application  to  any  load  cell 

will  result  in  the  imposition  of  a  bending  moment  to 
the  load  cell,  a  stress,  which  piezoelectric  load  cells 
are  incapable  of  withstanding  to  any  significant  de- 
gree. 

5  In  contrast  to  the  Lindstrom  and  Lindberg  force 
monitoring  arrangement,  mounting  of  the  load  cell  in 
the  instant  invention,  rather  than  applying  a  bending 
moment  thereto,  subjects  the  load  cell  predominantly 
to  compressive  and  shear  forces,  which  stress  ap- 

10  plications  piezoelectric  crystals  are  adequately 
capable  of  withstanding. 

This  improvement  is  accomplished  by  embedding  a 
multi-component  force  sensor  (i.e.  load  cell  with  a 
preloading  means,  in  the  tool  holder  below  the  cut- 

15  ting  insert  with  the  force.sensor  so  located  and  ori- 
ented  that  the  resultant  of  cutting  forces  applied  to 
the  cutting  insert  during  machining  passes  through 
the  approximate  center  of  the  force  sensor;  fur- 
thermore,  the  tool  holder  as  assembled  is  composed 

20  of  a  plurality  of  parts,  a  first  and  second  of  said 
parts  having  juxtaposed  parallel  planar  faces  abut- 
ting  opposite  surfaces  of  the  force  sensor,  the  cut- 
ting  insert  being  supported  on  said  first  part;  the 
mass  of  the  first  part  is  reduced  to  the  minimum  re- 

25  quired  for  structural  support  of  the  cutting  insert 
and  assembly  of  the  first  and  second  parts. 

In  the  preferred  arrangement  a  three-compo- 
nent,  piezoelectric  force  sensor  is  employed.  By 
having  the  resultant  of  the  cutting  forces  pass 

30  through  the  center  of  the  load  cell,  no  bending 
stresses  are  imposed  on  the  piezoelectric  elements 
of  the  load  cell.  The  direction  of  the  resultant  force 
is  generally  not  constant,  because  it  depends  on 
tool  geometry  and  cutting  condition  but  use  of  a 

35  three-component  dynamometer  overcomes  this 
drawback,  because  of  the  capability  provided  for 
recording  not  only  the  normal  force,  but  also  the 
other  two  components  of  force,  when  encountered 
(i.e.,  when  the  resultant  force  passes  through  the 

40  center  of  the  load  cell,  but  is  not  perpendicular  to 
the  plane  of  the  load  cell).  In  the  recording  and  read- 
out,  the  three-components  of  force  which  are  actu- 
ally  measured  are  resolved  subsequently  into  radi- 
al,  axial,  and  normal  components  of  cutting  force  us- 

45  ing  a  suitable  cosine,  sine,  summing  and  square  root 
amplifier  system.  Such  amplifier  systems  and  ele- 
ments  combinable  into  such  a  system  are  commer- 
cially  available. 

Location  of  the  load  cell  in  the  tool  holder  is  such 
50  that  the  mass  of  the  tool  holder  between  the  load  cell 

and  the  cutting  tool  insert  is  kept  to  a  minimum. 
When  the  load  cell  is  located  directly  below  the 

cutting  insert  (as  in  the  Lindstrom  et  al.  device)  the 
load  cell  can  be  no  larger  than  the  insert  (e.g.,  1.27 

55  cm  x  1  .27  cm  (%"  x  h")  or  2.54  cm  x  2.54  cm  (1  "  x  1  ")). 
This  limitation  automatically  limits  the  magnitude  of 
the  cutting  force  application  that  can  be  measured. 
The  arrangement  afforded  by  this  invention,  on  the 
other  hand,  enables  the  use  of  load  cells  that  are 

60  much  larger  than  the  cutting  insert  and  are,  there- 
fore,  able  to  measure  much  larger  forces  (e.g.,  1  .27 
cm  x  1.27  cm  (%"  x  h")  insert  can  be  used  with  a  2.54 
cm  x  2.54  cm  (1"  x  1")  load  cell).  Also,  there  is  no 
need  for  the  shape  of  the  insert  to  match  the  shape 

65  of  the  load  cell  so  long  as  the  alignment/orientation 
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per  surface  of  sensor  22.  Bolt  27  in  the  assembled 
position  passes  through  hole  26  and  hole  24  into 
threaded  hole  28  in  the  underside  of  body  17.  Al- 
though  not  so  represented  in  the  drawings,  holes  24 

5  and  26  are  dimensioned  to  provide  a  close  fit  with 
the  shank  of  bolt  27.  As  is  shown  in  FIG.  5,  in  the 
preferred  arrangement  axis  X-X  coincides  with  the 
longitudinal  central  axis  of  bolt  27,  passes  through 
the  center  of  force  sensor  22  and  outer  tip  12a  of  in- 

10  sert  12  and  is  perpendicular  to  mutually  parallel  pla- 
nar  surfaces  23  and  25.  In  the  usual  cutting  opera- 
tion  the  resultant  of  the  cutting  forces  will  coincide 
with  axis  X-X  during  only  part  of  the  cutting  se- 
quence.  Bolt  27  serves  the  dual  purposes  of  fas- 

15  tening  the  parts  16,  17  and  22  together  in  the  proper 
relationship  and  of  applying  a  preload  to  sensor  22. 
Preloading  is  needed  to  enable  the  shear  elements 
in  the  load  cell  to  sense  horizontal  forces  manifest 
as  friction. 

20  By  locating  the  central  axis  of  hole  26  (and  face 
23  perpendicular  thereto)  at  the  proper  angle,  sen- 
sor  22  is,  in  turn,  oriented  at  such  an  angle  that  the 
resultant  of  the  cutting  forces  passes  approximate- 
ly  through  the  center  (i.e.  the  center  of  hole  24)  of 

25  load  cell  22.  Connecting  leads  31,  32,  33  conduct 
electrical  signals  induced  by  compressive  and 
shear  forces  applied  to  load  cell  22.  The  direction  of 
the  resultant  force  is  generally  not  constant  and, 
therefore,  in  the  non-ideal  operating  condition  two 

30  shear  components  of  the  resultant  force  will  be 
present  and  be  sensed  as  developing  electric  sig- 
nals  conducted  via  all  three  of  leads  31,  32,  33  to  a 
conventional  amplifier  and  recording  system  (not 
shown). 

35  To  the  extent  possible,  load  cell  22  is  located  so 
as  to  minimize  the  mass  of  body  17.  Also,  body  17 
may  be  made  of  the  same  material  as  support  base 
16  (e.g.  AISI  4340  steel)  or,  preferably,  a  material 
such  as  a  titanium  alloy,  that  is  lighter  (i.e.  of  lower 

40  density)  but  stronger  than  the  material  of  which 
base  16  is  made.  By  making  body  17  of  such  a 
strong,  less  dense  material  to  thereby  reduce  its 
mass,  the  natural  frequency  of  the  sensor  is  in- 
creased.  The  commercial  unit  employed  in  construc- 

45  tion  of  the  device  of  this  invention  was  the  Kistler 
quartz  force  transducer  (model  9251)  for  sensing 
three  components. 

A  determination  was  made  of  the  frequency  re- 
sponse  of  instrumental  tool  holder  10  in  which  the 

50  Kistler  model  9251  transducer  was  used.  The  infor- 
mation  generated  (phase  and  amplitude  ratio)  as  a 
function  of  frequency  was  obtained  by  impacting 
the  tool  tip  (i.e.  insert  12)  with  an  instrumented  ham- 
mer  in  the  Z-direction  (i.e.,  normal  to  the  cutting 

55  edge)  and  measuring  the  force  response  in  the 
same  direction.  This  information  is  presented  as 
FIG.  6a  (phase  vs.  frequency)  and  FIG.  6b 
(amplitude  ratio  vs.  frequency).  The  initial  sharp  de- 
viations  occurring  in  the  graphs  of  these  data  show 

60  a  correlation  for  both  phase  and  frequency  ratio  at 
the  value  of  3.775  KHz,  which  is  the  first  natural 
frequency  of  the  system.  This  compares  to  a  value 
for  frequency  response  of  about  600  Hz  for  a  com- 
mercial  dynamometer  able  to  measure  forces  of  the 

65  same  magnitude. 

criteria  are  met  [e.g.  the  cutting  insert  could  be  tri- 
angular  or  circular  (viewed  in  plan)  and  the  load  cell 
could  be  square  or  rectangular  (viewed  in  plan)]. 

The  features  of  this  invention  believed  to  be  nov- 
el  and  unobvious  over  the  prior  art  are  set  forth 
with  particularity  in  the  appended  claims.  The  inven- 
tion  itself,  however,  as  to  the  organization,  method 
of  operation  and  objects  and  advantages  thereof, 
may  best  be  understood  by  reference  to  the  preced- 
ing  and  to  the  following  description  taken  in  conjunc- 
tion  with  the  accompanying  drawings  wherein: 

FIG.  1  is  a  schematic  view  showing  the  instrument- 
ed  tool  holder  of  this  invention  in  plan  in  position  for 
the  machining  of  a  rotating  work  piece; 

FIG.  2  is  a  schematic  exploded  view  showing  the 
component  parts  of  the  instrumented  tool  holder  of 
this  invention; 

FIG.  3  is  a  schematic  view  of  the  side  elevation 
of  the  instrumental  tool  holder  of  this  invention; 

FIG.  4  is  a  schematic  view  in  elevation  of  the 
front  end  of  the  instrumental  tool  holder  of  this  in- 
vention; 

FIG.  5  is  a  schematic  elevational  view  partially 
cut-away  viewing  the  tool  holder  approximately  mid- 
way  between  the  views  of  FIGS.  3  and  4  to  better  il- 
lustrate  the  alignment/orientation  required  for  the 
practice  of  this  invention  and 

FIGS.  6a  and  6b  show,  respectively,  the  ampli- 
tude  and  phase  responses  of  a  dynamometer  in  the 
arrangement  of  the  instant  invention. 

Referring  now  to  the  drawings,  in  FIG.  1  instru- 
mented  tool  holder  10  is  shown  adjacent  work  piece 
1  1  mounted  for  rotation  in  a  machining  operation  with 
the  cutting  insert  12  in  cutting  position  against  the 
work  piece. 

Efforts  toward  factory  automation  have  as  part 
of  their  focus  the  successful  implementation  of  un- 
tended  mach  ining  systems.  The  development  of  sim- 
ple,  reliable  sensing  systems  to  monitor  the  cutting 
process  are  critical  to  the  attainment  of  this  goal. 
The  monitoring  of  the  force  response  of  the  cutting 
tool  insert  12  to  the  cutting  action  is  the  objective  of 
the  instrumented  tool  holder  10  disclosed  herein. 
The  components  of  one  embodiment  of  such  a  de- 
vice  are  illustrated  in  the  exploded  view  of  instru- 
mented  tool  holder  10  in  FIG.  2  appearing  as  well  in 
FIGS.  3,  4  and  5.  As  is  shown  therein,  the  structure 
comprises  the  main  supporting  base  16,  tool  insert 
support  body  17  with  tool  insert-receiving  recess  18 
formed  therein,  tool  insert  12  and  support  plate  19 
therefor.  Retainer  20  and  its  fastener  holds  the  tool 
insert  12  and  plate  19  in  place. 

Cavity  21  formed  in  base  16  receives  the  three- 
component,  piezoelectric  force  sensor  22  therein 
resting  on  sloping  planar  face  23  with  hole  24 
(through  sensor  22)  aligned  with  hole  26.  Hole  26  ex- 
tends  through  support  16  at  an  angle  such  that  the 
center  axis  thereof  is  aligned  to  pass  through  the 
portion  of  tool  insert  12  at  which  the  cutting  action 
occurs.  In  the  assembled  structure,  body  17  is  dis- 
posed  in  cavity  21  with  its  side  faces  close  to,  but 
out  of  contact  with,  the  vertical  surfaces  thereof 
and  having  the  underside  thereof  resting  on  the  up- 
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Claims 

1  .  A  tool  holder  provided  with  sensing  means  em- 
bedded  therein  as  part  of  a  system  for  monitoring 
during  a  machining  operation  the  cutting  force  ap-  5 
plied  to  the  cutting  insert  (12)  supported  by  said  tool 
holder  (10),  characterized  in 

a)  that  a  multi-component  force  sensor  (22)  with  a 
preloading  means  (27)  is  embedded  in  said  tool 
holder  (10)  below  said  cutting  insert  (12),  said  10 
force  sensor  (22)  being  located  and  oriented  so 
that  the  resultant  of  cutting  forces  applied  to  said 
cutting  insert  (12)  will  pass  through  the  approxi- 
mate  center  of  said  force  sensor  (22)  during  the 
machining  operation,  15 
b)  that  the  tool  holder  (10)  as  assembled  is  com- 
posed  of  a  plurality  of  parts,  a  first  and  second 
of  said  parts  (17  and  16,  resp.)  having  juxtaposed 
parallel  planar  faces  (25  and  23,  resp.)  abutting 
opposite  surfaces  of  the  force  sensor  (22),  the  20 
cutting  insert  (12)  being  supported  on  said  first 
part  (17),  and 
c)  that  the  mass  of  the  first  part  (17)  is  reduced  to 
the  minimum  required  for  structural  support  of 
the  cutting  insert  (12)  and  assembly  of  the  first  25 
and  second  parts  (17  and  16,  resp.). 
2.  The  tool  holder  as  recited  in  claim  1  wherein  the 

force  sensor  (22)  is  a  piezoelectric  force  transduc- 
er. 

3.  The  tool  holder  as  recited  in  claim  1  or  2  wherein  30 
means  are  provided  to  sense  the  force  component 
normal  to  the  force  sensor  (22)  plus  two  shear  com- 
ponents  of  the  resultant  force,  when  present. 

4.  The  tool  holder  as  recited  in  any  of  claims  1  to  3 
wherein  the  force  sensor  (22)  is  significantly  larger  35 
in  at  least  one  dimension  than  any  dimension  of  the 
cutting  insert  (12). 

5.  The  tool  holder  as  recited  in  any  one  of  claims  1 
to  4  wherein  the  shape  of  the  force  sensor  (22) 
viewed  in  plan  is  significantly  different  from  the  40 
shape  of  the  cutting  insert  (1  2)  viewed  in  plan. 

6.  The  tool  holder  as  recited  in  any  of  claims  1  to 
5,  wherein  the  planar  faces  are  generally  perpen- 
dicular  to  a  line  passing  through  the  center  of  the 
force  sensor  (22)  and  through  the  outer  tip  of  the  45 
cutting  insert  (1  2A). 

Revendications 

1  .  Porte-outils  muni  de  moyens  de  detection  inclus  50 
dans  celui-ci,  faisant  partie  d'un  systeme  pour  con- 
troler,  durant  une  operation  d'usinage,  la  force  de 
coupe  appliquee  a  la  piece  de  coupe  (1  2)  supportee 
par  ledit  porte-outils  (10),  caracterise  en  ce  que 

a)  un  detecteur  de  forces  multi-composants  (22)  55 
avec  des  moyens  de  pre-charge  (27)  est  inclus 
dans  ledit  porte-outils  (10)  en  dessous  de  ladite 
piece  de  coupe  (12),  ledit  detecteur  de  forces  (22) 
etant  situe  et  oriente  de  telle  sorte  que  la  resul- 
tante  des  forces  de  coupe  appliquees  a  ladite  pie-  60 
ce  de  coupe  (12)  traverse  ie  centre  approximatif 
dudit  detecteur  de  forces  (22)  durant  I'operation 
d'usinage, 

b)  Ie  porte-outils  (10)  assemble  est  compose 
d'une  pluralite  de  parties,  une  premiere  et  une  65 

deuxieme  desdites  parties  (17  et  16,  respective- 
ment),  ayant  des  faces  planes  paralleles  juxtapo- 
sees  (25  et  23,  respectivement)  butant  contre  les 
surfaces  opposees  du  detecteur  de  force  (22),  la 
piece  de  coupe  (12)  etant  supportee  sur  ladite 
premiere  partie  (17),  et 
c)  la  masse  de  la  premiere  partie  (17)  est  reduite 
au  minimum  requis  pour  ie  support  structural  de  la 
piece  de  coupe  (12)  et  ('assemblage  des  premiere 
et  deuxieme  parties  (17  et  16,  respectivement). 
2.  Porte-outils  selon  la  revendication  1  dans  le- 

quel  Ie  detecteur  de  forces  (22)  est  un  transducteur 
de  forces  piezoelectrique. 

3.  Porte-outils  selon  la  revendication  1  ou  2  dans 
lequel  des  moyens  sont  disposes  pour  detecter  la 
composante  de  force  normale  au  detecteur  de  for- 
ces  (22)  plus  deux  composantes  obliques  de  la  force 
resultante,  lorsqu'elles  sont  presentes. 

4.  Porte-outils  selon  Tune  quelconque  des  reven- 
dications  1  a  3  dans  lequel  Ie  detecteur  de  forces 
(22)  est  significativement  plus  grand  dans  au  moins 
une  dimension  que  n'importe  quelle  dimension  de  la 
piece  de  coupe  (12). 

5.  Porte-outils  selon  I'une  quelconque  des  reven- 
dications  1  a  4  dans  lequel  la  forme  du  detecteur  de 
forces  (22)  vu  en  plan  est  significativement  diffe- 
rente  de  la  forme  de  la  piece  de  coupe  (1  2)  vue  en 
plan. 

6.  Porte-outils  selon  I'une  quelconque  des  reven- 
dications  1  a  5,  dans  lequel  les  faces  planes  sont 
globalement  perpendiculaires  a  une  ligne  traversant 
Ie  centre  du  detecteur  de  forces  (22)  et  Pextremite 
exterieure  de  la  piece  de  coupe  (12A). 

Patentanspruche 

1.  Werkzeughalter  mit  einer  darin  angeordneten 
Sensoreinrichtung  als  Teil  eines  Systems  zur  be- 
trieblichen  Oberwachung  der  auf  den  Schneidein- 
satz  (12)  ausgeiibten  Schneidkraft,  der  von  dem 
Werkzeughalter  (10)  gehalten  wird,  dadurch  ge- 
kennzeichnet, 

a)  daB  ein  Multikomponenten-Kraftsensor  (22) 
mit  einer  Vorspanneinrichtung  (27)  in  dem  Werk- 
zeughalter  (10)  unterhalb  des  Schneideinsatzes 
(12)  angeordnet  ist,  wobei  der  Kraftsensor  (22) 
so  angeordnet  und  orientiert  ist,  daB  die  auf  den 
Schneideinsatz  (12)  ausgeubten  Schneidkrafte 
wahrend  des  Betriebs  etwa  durch  die  Mitte  des 
Kraftsensors  (22)  wirken, 
b)  daB  der  zusammengebaute  Werkzeughalter 
(10)  aus  mehreren  Teilen  besteht,  wobei  ein  erster 
und  ein  zweiter  Teil  (17  bzw.  16)  sich  beruhrende, 
parallele,  ebene  Flachen  (25  bzw.  23)  aufweisen, 
die  an  gegenuberliegenden  Flachen  des 
Kraftsensors  (22)  anliegen,  wobei  der  Schneid- 
einsatz  (12)  an  dem  ersten  Teil  (17)  gehaltert  ist, 
und 
c)  daB  die  Masse  des  ersten  Teils  (17)  auf  das  Mi- 
nimum  reduziert  ist,  das  zum  Haltern  des  Schneid- 
einsatzes  (12)  und  Zusammenbau  des  ersten  und 
des  zweiten  Teils  (1  7  bzw.  1  6)  erforderlich  ist. 
2.  Werkzeughalter  nach  Anspruch  1,  wobei  der 

Kraftsensor  (22)  ein  piezoelektrischer  Kraftwand- 
ler  ist. 
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3.  Werkzeughalter  nach  Anspruch  1  oder  2,  mit 
einer  Einrichtung  zum  Detektieren  der  Kraftkompo- 
nente  senkrecht  zum  Kraftsensor  (22)  sowie  gege- 
benenfalls  zweier  Scherkomponenten  der  erhalte- 
nen  Kraft.  5 

4.  Werkzeughalter  nach  einem  der  Anspruche  1 
bis  3,  wobei  der  Kraftsensor  (22)  in  mindestens  ei- 
ner  Abmessungsrichtung  wesentlich  groBer  ist  als 
irgendeine  Abmessung  des  Schneideinsatzes  (12). 

5.  Werkzeughalter  nach  einem  der  Anspruche  1  10 
bis  4,  wobei  die  Form  des  Kraftsensors  (22)  in  Auf- 
sicht  sich  wesentlich  unterscheidet  von  der  Form 
des  Schneideinsatzes  (12)  in  Aufsicht. 

6.  Werkzeughalter  nach  einem  der  Anspruche  1 
bis  5,  wobei  die  ebenen  Fiachen  im  wesentlichen  15 
senkrecht  zu  einer  Linie  sind,  die  durch  die  Mitte 
des  Kraftsensors  (22)  und  durch  die  auBere  Spitze 
des  Schneideinsatzes  (12A)  verlauft. 
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