
Robot-process precision modelling for the improvement of 

productivity in flexible manufacturing cells 

 
 

E. Ferreras-Higueroa,⁎, E. Leal-Muñozb, J. García  de Jalóna, E. Chacóna, A. Vizána 

 
a Departamento de Ingeniería Mecánica, Calle de José  Gutiérrez Abascal  2, Universidad Politécnica de Madrid, Madrid, Spain 

b Departamento de Ingeniería Mecánica, Universidad de La Frontera, Temuco,  Chile 

 
Industrial robots are traditionally used at machining cells for machine feeding and workpiece handling  A re- assignment of tasks to improve the productivity 

requires a modelling of the  robot behaviour from  the  point of view  of its position precision  This paper characterizes and  predicts the  precision achievable 

when drilling with an industrial robot in order to use it in machining operations  

 
Robot  behaviour and drilling phenomena are analysed to determine working accuracy and  their contribution in position deviation and uncertainty  An efficient 

model  for  drilling is developed, applying quaternions and considering the  influence of all cutting tool  angles, providing a very  precise estimation of drilling 

torques and forces   An innovative model  for  the  robot is developed based  on  multibody systems, using  mixed  natural  c o- ordinates that   enhance the 

computing and deliver outputs with  direct interpretation  Besides,  the  effect of stiffness is added in joints  as additional element  

 
The  complete robot-process model   shows  the  significative process  influence in  working precision against robot influence  This  influence is responsible of up 

to 40% of the total uncertainty  The  model and the tests performed show that the deviations and their uncertainties depend strongly on drilling forces and 

the  robot configuration  In the  other hand, the  model  allows  to correct the  systematic behaviour in robot deviations and improve with  that  the  position 

tolerance of the  holes  to be drilled  
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1. Introduction 

 
The implementation of flexible  cells in the automotive industry meant an increase in productivity and flexibility in the manufacturing 

of automotive components. The evolution of this productivity in the following years has been based on the improvement of processes and 

machine tools. These cells are widely used in the automotive sector and generally consist of several machines and a shared handling system. 

This handling system is made up of one or several robots. The tasks performed by these  robots  are  mainly  handling of workpieces and 

components between machines and devices. 

 
The parts of the automotive sector that are typically produced in these cells are those related to structural parts of chassis (i.e. 

rear subframes), engine blocks and electric motor housings (e motor hous ings) (Fig. 1). This sorting results in families of 

workpieces that have common geometric and process characteristics. 

 
The precision of the workpieces produced in these cells is remark able, typically with IT6 and IT7 holes, and position tolerance 

below 0,1 mm. For such reason, high precision machining centers are used. 

 
These workpieces also have less precise geometric elements such as through holes, non through holes and  fluid passage lines. The 

tightest tolerance of these holes is the position tolerance, which can be achieved without difficulty with the  machining centers of the cell. 

As the quan tity of this type of holes is very high, the cycle time invested for low precise works by the cell during the machining 

process is significant. 

 
A sampling taken  from current processes with  47  different pieces belonging to the three typical families of the automotive sector has 

been made. Fig. 2 shows the summary of the cycle time percentages for the operations performed on each family of workpieces. The cycle 

time for drilling operations carried out by these cells exceeds, in  most cases, 40% of the total operations. 

 
The robot often remains in stand by during  most of the cell cycle time. In  these cases, an  improvement in  cell  productivity could 

be achieved if some of the machining operations were reassigned to be performed by the robot. In principle, these operations will be those 

related to the machining of less precise holes. This requires ensuring that the precision of the hole, and especially the positioning precision, 

can be achieved by the robot. In general, robots have a low working 
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Nomenclature 

 
Sign          Description, Units 

Dc                      cutting tool diameter, mm 

Fa                       axial cutting force, N 

Fr                        transverse cutting force, N 

Ft                        tangential cutting force, N 

Kpos                  position  gain,  Nm/rad 

Lij                      length  of the  link ij, mm 

M              rotating torque of the  cutting tool,  Nm 

Pr                     tool reference plane, 

Ps                       tool cutting edge  plane, 

QH                     rotating quaternion, 

Vf                      feed rate,  mm/min 

χr                   tool cutting edge  angle,  
∘
 

δrobpos robot  position  deviation without external loads,  µm 

δwork position  deviation of the drilled  hole axis due to the robot 

and  the  process,  µm 

ψKpos  vector  for correction angles  due to position  gain,  ∘ 

ψsim vector  for simulated angles,  ∘ 

ψ vector  for nominal angles,  ∘ 

τdrill  vector  for drilling  torques, Nm 

τ  vector  for motor  torques, Nm 

φ  vector  for angular deformations of joints,  ∘ 

κk  vector  for angular stiffness, Nm/rad 

qTCP  nominal position  vector  for the  TCP, mm 

q d−TCP simulated position   vector  for  dependent  coordinates ex 

cept TCP, mm 

qd− TCP  nominal position  vector  for dependent coordinates except 

TCP, mm 
work

 

ψ̈ 
Kpos 

vector  for corrections in angular accelerations due  to po q
real 

real position  vector  for the  hole  axis, mm 

sition  gain,  
∘
/s

2
 qwork  nominal position  vector  for the  hole  axis, mm 

TCP
 

ψ̈  vector  for  nominal independent (angular) accelerations, q
real 

real position  vector  for the  TCP, mm 
∘/s2

 

q̈d  vector  for nominal dependent accelerations, m/s2,  s 2 

ψ 
Kpos 

vector  for  correction angular velocities   due  to  position 

gain,  ∘/s 

ψ̈ 
Kpos 

vector  for nominal independent (angular) velocities, /s 
 d  

vector  for nominal dependent velocities, m/s, s 1 

γn  tool normal  rake,  ∘ 

γn0  tool normal  rake  at the  end of its edge,  ∘ 

λs  tool cutting edge  inclination, ∘ 

λs0  tool cutting edge  inclination at the  end of its edge,  ∘ 

In  inertia matrix,  kg·m2
 

Qw  vector  for contribution of weights  of each  element of the 

robot,  N 

Qdrill  vector  for cutting forces, N 

Qin  vector  for inertial forces due to velocity,  N 

Qsp  vector  for weight  of the  spindle  unit,  N 

R  transformation matrix  that  connects the  dependent velo 

cities q
d  

with the independent velocities ψ̈ ,  m  

Sc  relationship between dependent q̈d   and  independent ac 

celerations ψ̈,  
1

 
ms 

q TCP               simulated position  vector  for the  TCP, mm 

qsim                simulated position  vector,  mm, ∘
 

q  vector   with   nominal  mixed   natural  coordinates  for  a 

configuration of the  robot,  mm, ∘
 

ri                         vector  for point  i, mm 

rj                         vector  for point  j, mm 

uaxis            combined standard uncertainty of the  tool axis deviation, 

µm 

urobdef  combined standard uncertainty of the  robot  position  de 

viation  due to deformations in its joints,  µm 

urobpos  combined standard uncertainty of the  robot  position  de 

viation  without external loads  (repeatability),  µm 

ui                        unit  vector  for point  i, 

uj                        unit  vector  for point  ij, 

uk                       unit  vector  for point  k, 

ρ                  tool runout, µm 

τi                         motor  torque in joint  i, Nm 

θ              angle  between two vectors,  ∘ 

aa                  axial specific  force function  parameter, 

at                     tangential specific  force function  parameter, 

ba                    axial specific  force function  parameter, 
Uρ  combined expanded uncertainty of the  tool runout devia  

b 
tion,  µm  

t 
tangential specific  force function  parameter, 

b cutting width,  mm 
Uaxis  combined expanded uncertainty of the tool axis deviation, 

c 
µm  

a axial specific  force function  parameter, 
 

Udeftool combined expanded uncertainty of the  deviation due  to 

tool deformation,  µm 

ct tangential specific  force function  parameter, 

fixed  array  with  the  positions   of the  fixed  coordinates of the 

robots, 
Umach  tool positioning expanded uncertainty, µm  

h 
Urobdef  combined expanded uncertainty of the  robot  position  de  

1 chip thickness, mm 
 

viation  due to deformations in its joints,  µm 
ki  angular stiffness for joint  i, Nm/rad 

kσ sigma level, 
Urobot  combined expanded uncertainty of the  robot  position  de 

viation  without process,  µm ksa0 axial specific  cutting force constant, MPa 

ksa  axial specific  pressure, MPa 
Urobpos  combined expanded uncertainty of the  robot  position  de 

viation  without external loads,  µm kst0 tangential specific  pressure constant, MPa 
 

Uwork            combined expanded uncertainty of the  position  deviation 

of the drilled  hole axis due to the robot  and the machining 

process,  µm 

Φ  constraint function  matrix,  mm,∘ 

δρ tool runout deviation, µm 

δaxis deviation of the  cutting tool axis, µm 

δdeftool deviation due to tool deformation,  µm 

δmach tool axis deviation due to process,  µm 

δrobdef robot  position  deviation due to deformations in its joints, 

µm 

δrobot robot  position  deviation without process,  µm 

kst  tangential specific  pressure, MPa 

m specific  force function  parameter, 

n  spindle  speed,  min 1
 

r  radius  of the cutting tool at a point  (x, y, z) of the cutting 

edge,  mm 

t  time,  s 

v rotating vector, 

x                cartesian coordinate, mm 

y                cartesian coordinate, mm 

z                cartesian coordinate, mm 



     
 

precision, which  implies  a limitation in the reassignment of operations. 

Many researchers [1] have directed their efforts to improve  this, but the 

results obtained are not immediate to transfer to the industry, especially 

in new fields  where  high  process  loads  are affecting the  precision. 

The allocation of operations is done  in the process  planning phase. 

In order  to  make  an  appropriate assignment, it is necessary to  check 

previously the capability of the robot  to perform  properly the assigned 

machining task.  From  the  point  of view  of precision, the  robot  beha 

viour is very sensitive  to the forces generated during  the process and to 

 

 
 

Fig. 1. Representative aluminium cast  parts  with  machining content. 

the  position  of the  end effector in the  working  area. 

To  determine  this   behaviour,  this   work   is  about   developing a 

complete model for estimating the robot  working  precision which  takes 

into account the robot  behaviour itself and the machining process.  The 

error   introduced by  each  of  these  elements in  the  precision of  the 

process  is characterized. Through the calculation of the propagation of 

errors,   the  total  working   precision of  the  robot  is  computed. Fig.  3 

shows  a scheme  of the  procedure for  estimating the  precision of the 

robot  system. 

The drilling  operations to be performed on the cells for the types of 

workpieces evaluated vary in diameter, depth  and use different cutting 

tools,  so the  machining forces  and  torques  to which  the  robot  is sub 

jected  is variable. To determine their  values,  a machining model  has 

been  developed which  applies  quaternions in the  geometric definition 

of the  cut along  the  cutting edge. 

For the robot,  a model  based  on the multibody method with  mixed 

coordinate formulation is developed. The model  considers the joints  of 

the  robot  as a flexible  element, applying directly to each  of the  joints 

the  deformation caused  by the  effect  of the  forces  and  torques  at  the 

effector. 

 
1.1.  State of the art 

 
The number of research works aimed at the application of robots  for 

machining processes  is remarkable. Robot machining researches can be 

categorized into  following  areas;  rapid  prototyping, vibration analysis, 

path  planning and  automatic robot  programming [2].  Next  following 

potential research areas are identified within  overlapped operator robot 

working  environments, robot  stiffness and  machining vibration, mon 

itoring  and compensation techniques to improve  quality  and accuracy, 

optimization of robot  machining system  configuration and  improving 

machining strategies in accordance to robot  capabilities [3]. 

For milling operations with robots,  authors concentrate in results for 

path  deviations and  roughness. The  studies  for  roughness have  been 

carried out  for  titanium alloys  and  CFRP workpieces through a geo 

metrical model and comparing it to experimental results [4].  Multibody 

systems with  Denavit  Hartenberg (D  H) formulation and flexible  joints 

have  been  applied  to  predict deviations in path  when  milling,  where 

flexible  dummy  joints are added  to the rigid joint model [5].  The model 

gives good results comparing to experimental values when it is fed with 

measured forces. However, it has not been performed a strict  precision 

analysis,  only deviation between the nominal value (programmed) from 

the  kinematics and  the  values  calculated with  the  new  angles  after 

computing the  inverse  dynamics without closed  loop computing. 

With  multibody methods, the  inverse  dynamics has  been  used  to 

model  parallel kinematic robots,  introducing compliances in joints  and 

links,  comparing  with   experimental  results   the  deviation  when   in 

troducing the output measured forces and torques  from milling [6].  The 

multibody method has been used also in milling to minimize chatter [7] 

as alternative to multimode methods [8].  Other  researches apply  mul 

tibody   methods to  check  the  reliability of  other   methodologies  like 

virtual  work  methods to achieve  inverse  dynamic models  [9]. 

The robot  configuration is being  widely  evaluated, even  from  the 

point of view of minimum energy  consumption [10]. The use of indexes 

based on stiffness is a frequent approach used in milling  [11  13]. Same 

methodology is used for drilling  posture optimization in terms  to avoid 

extra  devices  in  the  robot  system  [14,15]. There  is no  prediction  of 

which  results  can be achieved for a given point  to be drilled  in terms of 

geometrical or dimensional tolerances. Nor is there  a focus  on  estab 

lishing   relationship  between  machining parameters  and   forces  and 

torques  to put  in the  robot  model. 

Drilling operations are those  ones that  can be done most often with 

the robot  according to Fig. 2. Therefore, a possibility of improving the 

productivity of the  cells is open  here.  In this  research area,  the  devia 

tion  angle  of the  tool  axis,  the  perpendicularity and  the  position  de 

viation  of the drill are the most evaluated factors. The quality  of a given 



     

 

 
 

Fig. 2. Distribution of typical machining operations in flexible cells for the  automotive industry. 

 

 
 

Fig. 3. Model  for the  drilling robot system. 

 
hole  to be drilled  in terms  of deviation angle  can be achieved through 

optimization methods like  the  stiffness performance coefficient  [16] 

based  in  deriving   the  compliance matrix  model  [11]. Regarding the 

perpendicularity, the  use of monitoring systems  with  multisensors and 

laser  tracking to the  end effector drilling  unit,  allows  to evaluate the 

position  deviation [17]. Some of those  methods combine also geome 

trical  models  [18]. In the direction of minimizing the use of expensive 

devices,  some researches combine improved position  control  approach, 

enhanced compliance control  functions and  new  specific  cutting tool 

designs for drilling  and milling in standard industrial robots  [19]. Other 

research lines  evaluate, through hybrid  force/motion control   techni 

ques,  the response of robot  manipulators when  environment forces are 

applied  to detect  collisions  [20]. 

However, all  this  interest trips  over  a  lack  of  a  methodology to 

determine the  robotic  machining performance, which  would  serve  as 

the  basis  for the  optimization of robot  operations. Some authors have 

tried  to fill this gap, proposing a structured methodology [21]. To date, 

it is not being  applied  and  it is not possible  to identify  if an industrial 

robot  is appropriate for machining tasks and their  limits  on what  level 

of geometrical or dimensional tolerance (and  in which  conditions) can 

be reached. 

It is needed to know if the robot  is capable of performing new tasks, 

whenever it is required to reallocate them  in any cell, in any piece and 

at any time. The only way to avoid expensive  tests   sometimes even not 

possible    is through a  model.  For  such  reason  they  are  developed a 

drilling   process   model,   a  robot   model     where   this  drilling   process 

model is integrated , and a working  precision analysis  that incorporates 

results  from both  robot  and  process. 

For the  proposed drilling  process  model,  they  are considered static 

values of torques  and forces that  give rise to permanent deviations. It is 

not  needed to  evaluate the  chip  depth  variation [22,23]. The  use  of 

absolute values of forces to evaluate the working  deviation makes it 

unnecessary to evaluate the force deviation which  causes the vibration 

[24]. 

As one  of the  novelty  of this  paper  for drilling  modelling with  ro 

bots,  it has  been  selected  the  method of multibody systems  with  for 

mulation for  mixed  natural  coordinates (MBMC).  This  method  was 

developed by García de Jalón,  [25,26] and it is improved for this task in 

this  paper  with  flexible  joint  formulation. MBMC gives significant ad 

vantages to D H based  multibody methods [5,27]. MBMC generates a 

low  number of coordinates and  constraint equations (less  than  40% 

compared  to  D H),  constraint  equations  are   linear   (D  H  are   non 

linear), results  are direct  and intuitive (D  H are not direct  and for each 

position, it is needed to understand their  physical  meaning). 

The  combination of the  robot  and  process  models  employees the 

maximum values in each instant t for drilling  forces and torques, as they 

are the ones that originate the greatest robot deviations [23]. As a result 

of this application, the deviation is modelled and computed and its 

feasibility  can  be  checked   with   drawing  specifications  (in  general 

terms,  position  tolerance). 

 
2.  Analysis  of the working precision 

 
The position  tolerance (PT) is one of the most important geometric 
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U  = U  + U  (3) 

U  = U  + U 

 
characteristics in workpieces with several holes. PT states the maximum 

allowable range  for the  deviation of the  theoretical position  of a hole 

from  its real  average position. The PT of a hole  is influenced by two 

elements: the  scatter  of the  deviations and  the  systematic deviation of 

these  deviations. The  position  deviation of a  hole  is affected by  the 

dynamic and  structural robot  behaviour and  by  the  drilling  process 

δmach  = δaxis  + δrho  + δdeftool  (5) 

 
The combined uncertainty of the machining process  is expressed in 

Eq.  (6)  and  is  obtained as  a  quadratic mean   of  the  measured un 

certainties of the  components of the  machining deviation. 
 

2 2 2 2
 

behaviour during  the machining operation. Therefore, the real position 
work

 

Umach = Uaxis  + Urho  + Udeftool (6) 

of the hole axis (q
real   

) is a consequence of the real position  of the robot 

end effector in the space and the real deviation of the hole axis obtained 

in the drilling  (Eq. (1)). The end effector includes  the drilling  unit up to 

the  reference point  of the  tool  holder  in the  spindle  unit,  which  is the 

one that  defines the  theoretical rotation axis of the  spindle. 

The deviation δmach  reflects the  difference between the  theoretical 

axis of the cutting tool    spindle  unit  and the axis of the hole machined 

The uncertainty related to the deviation of the hole axis is obtained 

by means of tests with different cutting tools and machining conditions. 

The   cutting  tools,   cutting  conditions  and   materials  used   are   re 

presentative of those used in different cells for machining workpieces as 

the  ones  indicated in Section  1. Results  are  shown  in Fig. 5, where  a 

clear  tendency is observed as  the  position  deviations of the  hole  in 

crease  with  the  diameter for  same  runout deviation. The  uncertainty 
(Fig. 4). 

increases  from    ± 30  µm for  cutting tools  with  Dc = 8 mm  up  to 

work
 

TCP  
(1)

 
± 60 µm for Dc  = 12 mm.

 
qreal = qreal 

+ δmach  

The  tool  runout deviation (δρ)  is  always  present in  the  rotating 

The final  deviation of the hole axis from its theoretical axis (position 

deviation) is the difference between the robot  nominal position  and the 

real position  reached and can be expressed as the  robot  deviation plus 

the  machining deviation: 
 

work
 

cutting tools  and  especially  in the  drilling  ones.  The dimensional de 

viations  consequence of the runout errors  (ρ) have  also been measured 

by means  of a set  of tests  in which  it is intended to characterize the 

influence of the  twist  deviation of the  tool  in  the  finished drill  with 

respect  to the one that  would  produce cutting tools without twist.  The 
δwork  = qwork  − q

real 
= δrobot  + δmach (2) results  obtained establish that  an increase  in the  tool  runout (ρ) gives 

The random nature of the  robot  behaviour and  the  machining unit 

leads  to the  determination of deviations associated with  uncertainties. 

The  combined expanded uncertainty associated with  the  position  de 

viations  (Eq.  (3))  is calculated from  the  expanded uncertainty of the 

deviations of the  magnitudes involved  in Eq. (2),  considering both  of 

them  independent between each  other  [28]. 
 

2 2 2 
work robot  mach 

 
 

2.1.  Robot precision estimation 

 
In the  combined expanded uncertainty of the  robot  position  devia 

tion  without process  (Urobot), two  terms  are  considered (Fig.  4):  the 

accuracy without external loads of the robot  and the uncertainty due to 

deformations of the  robot.  The precision without external loads  of the 

end effector is influenced by the  simultaneous intervention of all  the 

axes of the robot,  while the dynamic deformation of the robot  is due to 

the  variable behaviour of the  cartesian stiffness, the  inertia forces and 

the  action  of the  drilling  forces  and  torques. Therefore, the  combined 

expanded uncertainty of the  robot  position  is as shown  in Eq. (4). 

rise to an increase  in the  position  deviation, as shown  in Fig. 6. 

From the  outputs obtained in the  tests,  it is observed that  the  var 

iations  in the  position  deviations achieved in the  results,  that  is, their 

combined standard uncertainty associated with  the  deviations for the 

different tools,  are similar. 

The uncertainty obtained in these  tests  (Fig. 6) includes  the  com 

bined  influence of the  tool runout deviation and  the  tool deformation, 

since it is not possible  to separate the influence of the tool deformation 

in position  deviation. The effect  of runout and  tool  deformation pro 

duce an increase  in the transverse cutting force (Fr), as shown in Fig. 7a. 

This  force  increase   affects   the  tool  structure  and  therefore  its  de 

formation. The tool  brings  a greater pressure on the  sides  of the  hole 

 
2 2 2 
robot  robpos  robdef 

 
(4) 

 
The  combined standard uncertainty of the  robot  without external 

loads  (urobpos) has  been  characterized through a  test  according ISO 

9283  [29]  in    ± 40  µm. The  combined standard uncertainty urobdef 

caused by the robot behaviour under  working  forces and torques  will be 

obtained from the modelling of this behaviour developed in Section  4. 

 
2.2.  Drilling process estimation 

 

The error  in the machining of the hole (Fig. 4) is influenced by three 

factors  (Eq.  (5)):  the  deviation of the  cutting tool  axis  that  the  tool 

undergoes when assembling in its corresponding tool holder  (δaxis), the 

tool runout deviation (δρ) and the deviation due to the tool deformation 

(δdeftool). The outcoming drill deviation depends on the geometry of the 

cutting edges.  The tool  runout deviation considers the  runout error  of 

the cutting tool (the tool tip is constructively offset)  and the movement 

resulting from the behaviour of the tool itself and the spindle  at the tip 

of the drill.  The changing nature of the machining and the unbalanced 

cross sectional components of the cutting forces results  in a lateral 

deformation of the  tool that  can affect  the  precision of the  drill. 

 

 
 
 
 
 
 
 
 
 
Fig. 4. Schematic diagram for  the  deviations in  the  drilling process  with  the 

robot system. 
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tan γ
n  

= 
r 

Dc /2 

 

tan γ
n0

 
 
(16) 

obtained from  constraint  equations and  the  number of  variables  is 

considerably reduced comparing to  other  multibody methods. Mixed 

With  the  angles  it is possible  to integrate Eq. (10)  and  obtain  the 

cutting forces in the tangential direction (similarly in the axial direction 

for dFa, 

Dc
 

natural  coordinates  (combination  of  pure   and   relative  natural  co 

ordinates) allow  applying motor  forces,  torques  and  evaluating posi 

tioning  precision in each of the joints. In this way it is possible to match 

directly the  angular response of the  link  motion  to  its corresponding 

Ft  = 2 ∫
0

 

 
Dc 
2
 

kst 0 (at  + bt ·γn  
+ ct λs ) h 1−m  

 
 

1
 

dr 

sin χr 

 
dr 

 
(17) 

drive. 

 
4.1.  Model development 

Fa = 2 ∫
0 

ksa0 (aa  + ba·γn  + ca λs) h1  
− m

 
 

sin χr 

 

(18) 
 
Mixed natural coordinates avoid the need  to resolve  the occurrence 

 

The  axial  force  is directly applied   at  the  end effector axis  of the of  singularities when  two  consecutive links  have  a  relative angular 

robot  (TCP) creating its greatest deformation, while  the  torque is ap position  of 0o
 or 180o

 and also avoid the performing of a large number 

plied  directly to the  joints  according to the  configuration. The tangen 

tial  force  in each  of the  cutting edges  are  compensated, but  there  re 

mains  an appreciable residual value  that  can cause  an enlargement  of 

the  hole,  less accuracy, and  a transverse excitation of the  robot  at the 

rotating frequency of the  cutting tool. 

The  rotating torque of the  cutting tool  resulting from  the  cutting 

process  is obtained considering the  radius  corresponding to each  posi 

tion  for the  differential element of the  cutting edge, 

Dc
 

of iterations during  the computing of the final  coordinates to achieve  an 

adequate precision of the  TCP. 

To consider the effects  of the position  deviations of the robot during 

the  approach to the  drilling  position  and  the  deviations of the  drilling 

movement itself,  the  robot  modelling splits  these  trajectories in incre 

mental  movements between the  initial  and  final  points. 

All the positions  (nominal or simulated) of the robot  along  its path 

must  comply  the  non linear  constraint equations: 

Φ (q, t ) = 0 (22) 

M = 2 ∫
0

 kst 0 (at  + bt ·γn  
+ ct λs ) h 1−m r  

dr 

sin χr 

 
(19) 

 
Φ (q

sim
, t ) = 0 

 
(23) 

 

The penetration of the  cutting tool  into  the  material occurs  gradu 

ally so that  the  length  of the  cutting edge  grows as the tool is inserted 

into the workpiece. This progressive entry can have a great influence on 

the  working  deviation of the  hole  and  determines the  forces  that  will 

gradually play on the  robot. 

In Fig. 10  are  plotted the  modelled forces  and  torques  compared 

with  their  experimental results  for Dc  = 8 mm cutting tool  when  ma 

chining   aluminium A6061,  noting   that   the  estimation made  by  the 

model  is very accurate. The figure shows  the  tool entry. 

Therefore, with  the  model  developed it is possible  to estimate the 

robot load for each operation. The main advantage of the drilling  model 

proposed is the improvement in the estimation of forces and torques  as 

well as all the angles  of the cutting edge are considered for each  point 

along the cutting edge, compared with traditional models  that  consider 

the  complete cutting  edge  with   overall   angles   [31]. The  proposed 

model  allows  the  calculation of forces  and  torques  for  any  tool  geo 

metry  from the value of the specific  pressure calculated in a single test, 

as opposed  to the  need  for several  tests  if the  classical  method is used 

 

The constraint matrix  (Φ) collects,  as cross and dot products for this 

specific  robot,  the  necessary information to meet  the  geometric condi 

tions  of the  robot  and  the  interactions between its different elements, 

keeping  the motion  as rigid solid at any instant of time, for each body of 

which  the  robot  is built. 

The constraint matrix  consists  of as many  rows as constraints (each 

body  groups  a set of constraints), and  twelve  columns  (Fig. 11). 

The first column  is the identifier of the type of constraint (constraint 

id.).  Columns  two  to eight  are  reserved to identify, through their  sub 

scripts,  the  unit  vectors  and  the  points  that  define the  links.  Columns 

nine  to twelve  are  reserved to indicate the  module  of the  links and  to 

identify  the  relative coordinates (angles,  for this robot). 

The bodies of the robot are defined with the natural coordinates 

(cartesian coordinates) of, at least,  two points.  The constraints used to 

define the natural coordinates are: the length  of each  link defined as a 

geometrical constant (Eq. (24)),  constant module  of the non fixed  unit 

vectors   (Eq.  (25)),   constant  angle   between  unit   vectors   and   links 

(Eq. (26)),  and  constant angle  between unit  vectors  (Eq. (27)). 

(which  does  not  consider the  variation in  specific  pressure along  the  T  2
 

cutting edge). 

 
4.  Robot modelling 

 
Through the robot  model  developed, the position  deviations due to 

the  kinematic and  dynamic responses are  calculated considering the 

Constraintid.1000: (ri  − rj)  ·(ri − rj) − Lij  = 0 
 
Constraintid.1001:ui

T ·ui − 1 = 0 
 

Constraintid.1002:uk
T ·(ri − rj) − Lij ·cos θ = 0 

 
Constraintid.1003:ui

T ·uj − cos θ = 0 

(24) 

(25) 

(26) 

(27) 

stiffness of  the  joints  and  the  position   correction gain  of  the  robot 

control. These deviations and  the  correction gain are added  to the  po 

sition  deviation due to robot  axis control. 

The global  deviation of the  robot  system  is the  difference between 

the  nominal movement of the  TCP and  its real position  (Eq. (20)). 

δrobot  = qTCP  − q TCP  
(20) 

The deviation will be estimated with  the  model  as, 

δrobot  = qTCP  − q TCP  
(21) 

 

The position  vector  q with all the points  of the robot  and the TCP is 

modelled through multibody method with  mixed  natural coordinates. 

The chosen  formulation of mixed  natural coordinates uses  points  and 

unit  vectors  to define the position  of the different bodies  and allows to 

share   them   when   needed  to  define  kinematic  pairs,   reducing the 

number  of  variables  at  the   same   time.   The  variables  are   directly 

The MBMC model developed for this research is as shown in Fig. 12. 

 

 
 

Fig. 11. Constraint matrix structure. 
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5.  Experimental development 

 
The experimental validation has had two objectives: the adjustment 

of the  parameters of the  proposed models  and  the  final  experimental 

validation of the  developed system.  For this,  two different equipments 

have  been  used:  a laboratory one and  an industrial one (flexible cell). 
Applying  ODE type  integration methods (position problem in each 

step),  the  angles  and  their  corrections due  to the  gain  ψ + ΔψKpos  
in 

each  position  of the  trajectory are calculated. 

 
ode113

 

In the  laboratory, a DMG 1035  ECO machining center  (Fig. 16.4) 

has been  used to perform  two types  of tests.  One, oriented to establish 

the  characteristics of the  process  and  its influence on the  accuracy of 

the holes, and another, to adjust  the cutting force model  of the drilling 
⎧ ̈ T  ¨ T 

Kpos 

⎩ 
 

ode113
 

, ψ T  
+ Δψ T 

⎫ ⎯⎯⎯⎯⎯⎯→ 
⎬⎭t 

process. 

In the first set of tests, the test workpieces have been machined with 

several   holes  per  workpiece, extracting  from  them   the  dimensional 
⎯⎯⎯⎯⎯⎯→⎧ψ T  + Δψ T

 

⎩ 
, ψT  + Δψ T 

⎫ 
⎬⎭t+Δt 

 

(40) 
tolerances and  the  position  error  (Fig. 16.5).  Simultaneously, the  cut 

ting  forces  have  been  measured to correlate the  accuracy of the  holes 

The angles  with  correction obtained in Eq. (40)  and  introduced in 

Eq. (36)  with  the  joint  deformations ϕ lead  to: 

and the forces generated. The workpieces used are of the same material 

as the  parts  machined in  the  flexible  cell.  The  dimensional measure 

ment  of the workpieces has been made in a Mitutoyo  Crysta Plus M544
 

ψsim  = ψ + ΔψKpos  
+ ϕ (41)  

CMM with    ± 4 µm precision. The measurement of forces  has  been 

With  the  new  simulated angles  ψsim   computed from  Eq. (41),  the 

natural coordinates (q d−TCP , q TCP ) for all the points  of the robot  in each 

conducted by means of a measurement chain formed  by a Kistler 9257A 

piezoelectric   dynamometer   with    a   Kistler   9349A   torque   sensor sim sim 

instant  t  of  the  trajectory  are  generated  solving   in  a  second   loop 

Eq. (23).  In this case,  applying only the  second  step through the  New 

ton  Rhapson  method. 

 
4.2.  Model results 

 
With all this, the deviation in the tip of the tool (TCP) is obtained for 

a final  position  of the  robot.  The  algorithm and  the  simulation have 

been programmed by means  of Matlab,  with  the curves for torques  and 

forces  from  the  proposed drilling  process  model.  This proposed algo 

rithm  has not  been  implemented into  the  robot  control, because  it re 

quires  the  computing of  the  shear  forces  and  the  calculation of  the 

working  position  accuracy to be done  on an additional computer. For 

further developments it can be considered to include  these  algorithms 

into  the  robot  control. 

The  analysis  of the  robot  behaviour in  the  working  area  requires 

determining the  configuration adopted by the  robot  for each  position 

and  calculating the  final  position  deviation. These  deviations are  re 

presented graphically in Fig. 13 for two feed rates.  In Fig. 13 only the 

area   occupied by  the  workpiece  to  be  processed  is  evaluated and, 

therefore, where  the robot will be machining. In the rest of the working 

range,  the  robot  executes  the  loading  and  unloading operations of the 

piece  to be processed on the  machine tools  of the  cell. The deviations 

represented in this figure correspond to the robot  behaviour under  the 

effects  of the cutting forces. In Fig. 13 it is observed that  an increase  in 

the feed gives rise to an increase  of the deviations. On the other  hand, 

and  for the  same  drilling  forces,  the  position  deviations increase  sig 

nificantly with  the  extension of the  robot  arm  or  a  different config 

uration. 

The discontinuities observed in Fig. 13 are  due  to the  fact that  the 

end effector of the robot  must  be oriented perpendicular to the surface 

of the workpiece to be machined. This condition results  in that  joint of 

axes four and  five  adopts  a different position  than  they  had  in nearby 

points.  This change  in the configuration of the robot  has an appreciable 

influence and  can  lead  to deviations of up  to 100  µm. Therefore, the 

configuration of the robot  has in some areas  a high influence forcing to 

analyse  its effects  for machining operations. 

Fig.  14  shows  plots  when   deviations due  to  machining  process 

(δmach) are added. As these deviations are specific  of process parameters 

and not of the working  area,  plots obtained are qualitatively similar  to 

those  presented in Fig. 13. 

On the  other  hand,  all these  deviations are affected by a combined 

expanded uncertainty that  influences in  the  position  of the  hole.  As 

shown  in Fig. 15, this uncertainty varies  throughout the working  area, 

especially  when  drilling  forces increase. 

 

 

 
 
Fig. 13. Simulation of the robot (δrobot) for Dc = 10 mm cutting tool forces and 

torques (n = 2.500 min 1). 
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