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Abstract 
Injection molding of thermoplastics is a cyclical process where a granu lar polymer is melted and in

jected In lo the cavity, molded under pressure and ejected after solidification . The con trol of cavi ty pres
su re profile fTom cycle to cycle d uring fue filling slage is Important lo ensure qualtty tnjection m olded 
parts. Firsl, open-Ioop experimenls are perfonned lo determine and vertfy an appropriate model order. 
Secondly, due lo the tirne-varying characterisUcs of this process. a self-tuning algorithm with an observer 
is employed for controIling the cavity pressu re tim e proftle lo a set-poln t trajectory. The model parameters 
are determined on -Une using the recursive least-s qu ares estimation a lgorlLhm, and the controller pa 
rameters are calculated uSing tbe pole 10caUon procedure. ln order to redu ce lhe controIler saturation, the 
self-tuning algorithm is implem enLed along with a first-order observer and state feedback. 

Key words: Adaptive con trol , cavity pressure control. self-tuning control. inJection molding. 

Modelaje y control auto-ajustable de la presión 
en una cavidad de moldeo por inyección 

Resumen 
El m oldeo de termoplásticos por inyección es un proceso cíclico en el que un polím ero granu lar es 

fundido y luego inyectado den tro de una cavidad, moldeado a presión y finalmente eyectado después de su 
solidificación. El control del pedil de presión en la cavidad es importante para el control de calidad del pro
ducto moldeado. Primero se realizaron experimentos a lazo abierto con el fin de detenn inar y seleccionar 
un orden apropiado del m odelo. Posteriormen te, debido a la naturaleza variante de este proceso. se Imple
mentó una estrategia de control a u to-ajus table ("s elf-tuning") para controlar el perfil de presión a una tra 
yectoria de referencia. Los parámetros del modelo son determinados en linea mediante un algoritmo de 
mínimos cuadrados. y los parámetros del con trolador son calculados usando el procedimiento de ubica
ción de polos. Para reducir la saturación del controlador, el algoritmo auto-ajustab le es implementado en 
conjunto con un observador de primer orden y un realimentado. de estados . 

Palabras clave: Control adaptlvo, control self-tuning, moldeo por inyección . 

Introduction S veral researchers h ave pointed ou t the 
irnportance of measuring and con trolling the cav

The cavity pressure is tbe primary factor af
ity pressure. The paper of Kamal et al. {ll is wortb

fecting the fin al part quality of an injection
mentloning because It conlains early stu dles of 

moldlng machlne. Cycle-to-cycle variatlons of the 
the cavity pressure dynamics and control. CosUn 

mold-cavity temperature and pressure during 
e t al. [2] applied the self tuning regula tor algo

the molding process may produce warpage, due 
rilhm (STRl to control the hydraulic pressure to a 

lo residual stresses, and changes in physical 
constant pressure gradient in the fllling stage.

properties of tbe parts wilh light tolerance limits. 
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Gao [3 1lm plemented the STR In the con trol of the 
cavily pressure in the fllllng and packing. Adap
tlve control wasalso used byChiu etaL [4]. Sm u d 
et al [51 used severa! algortthms to control the 
cavity pressure d uring packing and holding 
phases uslng the clamp [orce as rnanipulaled 
variable. 

Cycle-to-cycle vaIiatlons of the mould 
cavity tem perature and pressure d u ring the 
mouldlng process may p roduce warpage, du e to 
residual s tresses , and changes in physlcal p rop 
emes of fue parts with tlghl tolerance lim its. 

The plant Figure 1 was described elsewhere 
[6] A 3 -mm th lck rectangular cavtty with length 
10. 1 cm and wid th 6.5 cm was used in lhis sludy. 
A pressure sen sor is installed flush with the cav
ity surface of the fixed plate a t the gate o The con
trol vaIiable u is the supply servo-valve (SSV) 

openlng. and Ph ' p" ' and P refer to tbe hydraulic, 
nozzle and cavity gate pressure. respeclively. 

Process Model 

Preliminary experimenls were conducted to 
record input/response data thal could be used in 
selecting the process model structure. Prelimi
nary expe:rimental results suggested tbat a &st
order roodel could describe the respon se in hy
draullc pressure for a fixed servo-valve openin g (u) 

(1) 

The following assumplions are used to de
rive s imp le models: 1) lhe frictlonal force oppos
ing screw rnovem n t ls negligible; 2) the accelera
tion of the actuator -scr ew assembly 15 propor
lional lo the hydraulic pres sure gradient. dp h/dt; 
3) the polymer does not leak back throu gh the 10

jecUon valve; and 4) the polyrner flow in the noz
zle and runner is isotherrnal. Assumptions 1) and 
2) imply tbat a [orce balance for the screw
assembly may be wrttten as 

(2) 

where Ah and A n are lhe effective area s ror the hy
draullc and n ozzle pressure. A change in polyrner 
mass in the cav1ty equals the m ass flowing 

jj¡JJfI," I rmpcr.:llurc ('onl rol 

~llPP" SCf\ () - \ n l \ e 

()1lC'1I1I1t;; 11 

Figure l. Schematlc of the lnjection moldmg 
system. 

lhrough lhe runner , so a mass balance for lhe 
cavtty may b e expressed as 

(3) 

wh ere R r is tbe flow reslstance from the nozzle to 
t.he cavity gateo The vaIia tlons in density with 
tim e 1s expressed as a function of the cavity gate 
pre5sure and temperatur e vaIiation~ a s 

op (op) (oP) (oP) (oT) at = op T at + oT at (4 ) 
p 

Assu ming isotherma l filling, supposition 
(4), and substituting th e density vartations from 
equa tion (4) into equation (3) gtves 

1 dp 
(5)~ dt = Po - P 

where 

(6) 

Cons iderlng con s tant r h' Kit, An. K. and e, 
which 1s valid for s h ort periods only, and solving 
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equatlon s (l}, (2). and (5) by Laplace transfonna
Uon, fue followmg expression resu lts Cor lhe cav
ity p ressure dynamics 

P{s ) Kp(ras + 1) 
(7 ) 

U (s) = (1 + '[IS)(1+ r 2s) 

wh ere r 1 = r h , r 2 = 1/c. ~ = Ah I An' and 
ra = mKI Ah ' The discrete transfer fu ncUon with 
zero-order hold is 

y{k) boz- 1 + qz-2 
(8)

u(k) = 1+ qz 1 + ~z 2 

and the correspon dlng d llTerence equ a tion for a 
constant input ls 

y(k) + ll¡y(k) + ~y(k - 2 ) = bou{k - 1) + qu(k - 2) (9) 

EquaUon (9) shows a second-order model 
for th e cavity pressure response. However, pre
liminary experimental results suggesl lhat fue 
process can be approXimated to an overdamped 
secon d-order m odel, which gives similar results 
to a first -ordermodel. The discrete transfer func 
Uons with zero order hold for a first arder modells 

y(k) qz- I 
(lO)

u(k) 1+ ll¡Z- 1 

where 

q = --e- M I T 
• q = (l+ll¡ )K Ir (U ) 

In discrete-time domain, equaUon (1 0) 15 

expressed as 

y(k)+ qy(k - 1) = qu(k - 1) (12) 

Parameters in equation s (9) and (12) sbould 
be esUmated on-Une using input/ output process 
data. as lhey vary with time. For low-order sys 
tems wilh lime-varying p ararneters, an appropri
ate estimation technique Is lhe least-squares al
gorithm with an exponentlal forgetting factor. 
This identifica tion algotithm has been given by 
Ástrom and Witten mark !7l Is described b elow. 

Assume a process is described by the fol
IOwing linear difference equation with cons tant 
parameters: 

A(z l )y(k) = B(Z- I)LL(k - 1) + e(k) (13) 

polynomials A and B are given by 

(1 4) 

wh ere zis the un it forward shift operator. To find 
coefflclenls of tbe p olynomials in equation (6). 

equ aUon (5) Is conveniently written in th e matrix 
fonn 

y(k) = rpT(k)9 + e(k) (15) 

where rpT is fue vector of m easured values oC ou t
put and inpu t variables 

rpT (k) = [- y(k -1) .. . y(k - na ) 

u(k - 1).. . u(k - rl¡, - 1)] (16) 

and e Is fue parameter vector 

(17) 

The parameters are ca1culated by finding 
the minimum of the funcUon J(e,k). defined as 

(18) 

where '). is the forgelling factor. The least -squares 
solution [131 is obtained with: 

O(k) = O(k - 1) + K(k{y(k) - rpT (k)8(k - 1)] 

K(k) = P(k - llrp(kJ(..1. + rpT (k)P(k - 1)rp(k) - 1 

P(k) = [1 - K(klrpT(/C)]P(k - 1) I A (1 9) 

Values between O and 1 are given lo the for

getting factor(A). In lnJect lon m olding. 'A is appro
ptiately selected lo reflect the evolving cavity 
pressure dynamics. 

Self-Tuning Pressure Control 

The self-tunin g con trol strategy is shown in 
Figure 2a, where the servo-valve opening 1s the 
manipulated vatiable , Parameter estimation and 
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Indentification 
(a) .....an_d_ co_n_tr_o_1s_yn_th_es_i_s....~ 

Cavity Servo-valve fI:pressure openinr;. ( t:;:...;.__g..;.; ' ) 

Cavity se~o~t9EI _1Gp 
pressure (p ) 

I 
~----~I PT ~I~~--------~ 

(b) 

I---+-'-'. Y 

Figure 2. Block diagrams of: [a) The self-tuning cavity pressure control. PI' = pressure lransducer. 

Gc = controller transfer function , Gp =process transfer function . 


(b) The self-tuning con trol strategy using an observer. 


control syntehis are perfonned on-Une using the 
algorithms presented the text of Wellstead and 
Zarrop 18). These are descrtbed briefly as follows. 

Neglecting model errors. e(k), in equation 
(15), this can be written in polynomial fonn as: 

and the feedb ack controller Is of the fonn 

Fu(k) = Hr(k) - Gy(k) (2 1) 

where ri k) and y(k) denote the reference and ilie 
measured controlled variable, respectively. F, H, 
and G are polynOmials which are selected so that 
the system output tracks the reference signal 
rik). Substituting u{k) frOID equation (1 3 ) into 
equation (12) yields the closed loop [onn 

BHz· l BHz- l 

y(k) = FA + z- lBG r(k) = -T-r(k) (22) 

The Fand G polynomials are found by solv
ing the polynomlal identity 

(23) 

The polynomial H Is calcula ted to achieve 
fue desired output , whlch is: 

(24) 

For a deslred closed-Ioop response based 
upon a first-order modeI. the polynomial T (Z· l)iS 

writlen as 

(25) 

where, L'. t ls the sampling interval, and pthe tim e 
constant for the desired closed-Ioop response. 
Applying the pole Jocation design p rocedure with 
fue fust-order modeI given by equation (12). the 
polynomials H and G defined in equ a tion (21) are 
found as: 

G=g =_~+ Cl¡ H = h =1-~ (26) 
o q' q 

and the con troller outpu t is generated as: 

u(k) = -goy(k) + hr(k) (27) 
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7 Modelaje y control auto-ajustable de la presión 

Tbe c1osed-Ioop model paramelers are esti
mated uslng the cavity pressure response , y(k). 

as output and the servo-valve opening, u(k). as 
Input. There[ore. the controller parameters. 90 
and h, are adjusted on -line with the feedback sig
nals from the cavity pressure measurements. 

Self-tuning control with observer 

Conlroller saluratlon is a problem encoun
lered in the control oC the cavity pressure. To re 
duce lhis problem . em ploying a controller wilh 
observer and state feedback [7 ] is suggested. The 
block diagram of fue control systcm wiUl this 
structure 1s shown In Figure 2b. Th e controller 
equation is obtained from equatlon (2 1) in ob
server fonn as: 

f\,(z- l)v(k) = 	H(Z- l)r(k) - G(z- ')y(k)+ 
[A,, (Z- l) - F(z- ll]u(k) (28) 

where Ao(Z- l ) is fue observer polynomial. An ob
server with first -order dynamic is wrttten as 

where lo 1s the observer time constant. Therefore, 
lo reduce conlroller saluration, a prellininary 
value v(k) ís calcu lat ed by: 

v(k) = - a"v(k - 1) + l ;~ [r(k)+ a"r(k - 1)] 

9oy(k)+ (a" - h)u(k - 1) (30) 

and the controller output. u(k). is detennined us
ing the saturation function 

u max• íf v (le1> LL.na., 
u(kj = v(k) , ir uWln :S v(k) :s U max (31)¡

l1.",m • if v(k) < u",ln 

where Urna.: and ll,run are tbe upper and lower 
bounds of fue manipulaled variable. 

Set-point proÍlle 

A linear model Cor he cavity pressure as a 
fu nction of time was used to generate a set-point 
trajectory. This ls given by 

Pe, - (dp)PoI
Psp (t) = PoI + . t t = PoI + dt t (32) 

f 	 sp 

TabIe 1 

Conditions for the dynamic open-loop 


expertment 


Time setlíngs: 
InjeCUon 13 s 
Decompression 2 s 
Cooling lO s 
Open lOs 

Coolant temperature 
sel point 

Barrel temperature 250 j 220 j 200 j 190°C 
sel points 

Sampling inlerval II =0 .020 s 

Input penod Tu = 0.16 s 
(square wave) 

Input amplitude A u= 0.5-70% 

wh ere t¡ is the filling lime, Po! the inítíal pres 
sure. and (dp / dtlsp is Lhe deslred slope ofthe cav
ity pressure curve durtng fllling. To completely 
desclibe the cavity pressure proflle. a roodel for 
the packing pre5sure is given by the expression 

where Ppp 15 Ule peak pressure and r p the time 
constant for the packing stage. 

The slope set-poini during filllng (dp/ dtl sp 
cannot defined arbitrarily . However. it is possible 
lo find and experimental relationship belween 
fue fllling slope and lhe peak pressure whicb can 
be used to calculate the set-point for a requlred 
p ak pr ssur s. 

Experimental ProcedW'e 

Thc experiments were divided into three 
groups: 1) dynamic open-Ioop expertmenls. 
2) s latic open-loop experiments. and 3) c1osed
loop con trol experímenls. 

Dynamic open-Ioop experiment 

A square-wave signa! with input amplitude 
of 0.5-70% and perlod Tu of 0 .16 s was employed 
to obtain dala for the model tdentillcation. Tabie 1 
surnmartzes lhe con ditions used to study the dy-
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Figure 3. Cavity pressure response to a square-wave vartations In servo-valve opening 
for a dynarnie open-Ioop experimento 

namie of the cavity pressure. The lime settings 
are: mjeetion, Interval durtng whíeh the hydru
alíe pressure is applied; deeompression. pertod 
when the supply servo-valve is closed; eooling; 
and open, the inlerval for mold opening and plas
tication. The eavity pressure response durtng fill
ing for this experiment 1s presented in Figure 3. 

Static open-loop experlment 

An open-Ioop expertment Witb eonstanl 
(static) servo-valve openlng durtng eaeh cycle was 
u sed lo detennine a relaUonshíp between tbe 
slope of the pressure-time curve, durtng filling, 
and the peak cavity pressure. Table 2 summartzes 
the expertmental condmons. The expertment was 
conducted by Increasing tbe servo-valve opening 
froro 10% to 80% every 5 cycles. Figure 4 shows 
traces of cavlty pressures for this expertment. 
With the merease m tbe supply servo-valve open
ing, both the filling slope and tbe peak pressure 
merease. Prom tbe results, a linear relationshlp 
between tbe peak pressure, Ppp' and the ftllin g 
slope sel-pomts (dp/ dt)sp' was defined as 

dP ) 	 1-d = (ppp - 18.95)-0 	 (3 4) ( t sp 	 .6 

Closed-loop control experiments 

The pole location t ¡ (see equation (25)) was 
selected based on the values of the time constant 

Table 2 

Conditions for the static open-loop 


experiment 


Time setUngs: 
lnjection 
Decompression 
CoolIng 
Open 

Coolant temperature 
set pomt 

Barrel temperature 
set pomts 

13 s 
25 

lOs 
lO s 

40°C 

250/ 220/ 200/ 190°C 

Data acquisition and servo-valve manipulation 

Sampling mterval ~ =0.040 s 

Servo-valve openin g. u (stairease function) 

u (%) Cycles 
10 1 - 5 
20 6 - 10 
40 11 - 15 

60 16 - 20 

T p In equation (33). Values of T p were obtained by 
fitting equ a tion (33) to different data of packing 
pressure variations With time. and they were 
foun d to be between 0.05 s and 0. 16 S . Therefore, 
by consldeIing fJ = T p' the desired pole locallon 
t¡, for M =0.020 s , should be between 0.88 and 
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Figure 4 . Variations in nozzle and cavity 
pressures (-) with time using t be conditions 

given in Table 2. 

0.67. A value of t i =0 .7 was chosen for tbe conlrol 
experiments. The time constant for lhe first-order 
observer was selected as lwo sampling in tervals; 
T p =0 .04 s, whicb corresponds lo ao =0.39 s (se e 
equation (29)). 

The experimental procedure was set usin g 
a fixed valu e of servo-valve openlng (open- Ioop) 

until lhe polymer has filled part ofilie cavity. be 
fore slarting ilie self-luning control action. Ex
perimental conditions for the closed-Ioop experi 
menls are summarized in Table 3. 

Results and Discussion 

Data collected In tbe dynam.ic open-Ioop ex· 
periment at con diUons used ín Table 1 was used 
fol' the purpose of model iden tification. The re 
cu rsive identification a1goritbm descrtbed by 
Lj ung [9) was used to fit fue cavity pressure dala 
with the first-order m odel and second-order 
modeIs glven by equations (12) and (9). respec
tiv Iy . 

1\vo performance criteria (10] were u sed for 
model evaluation: tbe mínimum values of fue 
surnmation of square error (VN) and fue final pre 
dicUon error (FPE) . given by: 

1 N 1 ]2 1+ n / N 
V;~ = N ~ '2 [y(k) - Y. (I<:, elJ ' FPE = 1 _ n/ N VN 

(35) 

wh ere Ye(k,6) ls the calculated cavity pressure us
íng equ ations (9) 01' (12). n 1s lhe total n u mber of 
estimaled parameters. and N tbe length of the 
data record. Tbe m odels are compared with re-

Table 3 

Conditions for the control of the cavíty pressure 


Time settíngs: 
[njection 
Decompression 
Cooling 
Open 

Coolant tem perature set point 

Barrel temperature set potnts 

Sampling ínterval 

Time constants: 
Set-poin t 
Observer 

13 s 
2s 

10 s 
10 s 

40°C 

2 40 / 220/ 200/ 190°C 

Ó = 0.020 s 

'p = 0. 16 

' o - 0.04 

Otber conditions Expertment 

CP 1 CP-2 CP-3 CP-4 

Forgetting factor, 1. 0.95 0. 75 0.75 0. 75 


Lnput range. u.. % 0.5-90 0 .5-90 0. 5 -90 0.5 -80 


Slope set-potnts. (dp l dtJ.p' MPa/s 3. 1 3 .1 1.7 4 5.19 
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Table 4 

Comparison between prediction errors for 


different forgetting factors using 


conditions ofTable 1 

First-order model. eguation (12) 

0.75 0. 147 0.1530 

0.90 0.1541 0.1604 

0.95 0. ] 61 1 0.1677 

0.99 0 .1683 0. 175 1 

Second-order roodel. eguation(9) 

0. 75 2.4539 2.6587 

0.90 2.4241 2.6261 

0.95 2 .3617 2.4002 

0.99 2.2996 2 .4983 

spe t to their p erfonnance crtteTia in Table 4, us
ing different forgetting factors. The first-order 
mode! showed prediction errors lower lhan those 
of the second-order mode\. These suggesllhat a 
first-order mode! is a pproprtate. The forgetting 
factors should be taken between 0.75 and 0.99. 

(a)
5,--------------------------------

..... ...... 

, ., 
4 

o..'" ..... .Dat..1::E 3 , .... 
ti .. '"Se! p Ol O ,-,~ 2 ",

",í:! 
o.. 

0
0 	 0.2 0.4 0.6 0.8 1.2 

Time, s 
(b) 

~ 

OÍ) 
e 

o "" lf~1: 

'" > 

o-

0
A~ 

0 	 0 .2 0.4 0.6 0.8 1.2 
Time, s 

Figure 5 . System response durtng the filling 


stage in Expertment CP- l (A =0.95). with 

con ditions shown in Table 3. 


(a) CaVity pressure and set-polnt, and 

(b) servo-valve opening. 

Control oí tbe cavity pressure 

Three values of slope set-point profiJes were 
defmed for the control of cavity pressure dwing 

filting as shown in Table 3. Figure 5 illustrates 

variations in pressure and servo-valve opening 
wiili time for Expertment CP-l rrable 3). For 10% 

ofinilial value of the control signal and A=0.95, 
the cavity pressure tracks the s lope set-potnt 

(3.10 MPa/s) . However, ahigh value oD averages 
parameters in the estimation perlod and leads to 
delays in the cavity pressure response with re 
spect to the set -point profiJe as seen in Figure 5. 
In addition, parameter variations have been 
fou nd to be quite rapid during the filling stage. 
Then , Iower forgetting factors are requiered. A 

value of A. =0. 75 was used for other expertments . 
as suggested froro resu lts in TabIe 3. 

As shown in Figure 7 , for Expertmen t CP-3 
with a set-point profile of 1.74 MPa/ s, the con 
troll r perfonns better using a lower forgetUng 
factor. although more oscillaUons occur. This ls 
because low forgetUng facto rs welght the most re
cen t measurements. Figure 8 shows thal the re
sponse follows lhe set-polnt trajectory in Expert 
ment CP-4, and that tbe control signal remains 
within the bounds (0.5% < u < 80%) during most 
of tbe filling stage. The response is stlll oscilatory 

(a) 

5r---------------------------~~ 

4 

3 :~ 
. Set point 

2 -

0.25 0.5 0.75 1.25 1.5 1.75 
Time, s 

(b) 

l'~l
00 O 25 

~
O 5 

~6~M&J
O 75 1 

Time, s 

1 25 1 5 I 75 

Figure 6. System res ponse during the ftl ling 


stage in Expertment CP-2 (A. =0.75). with 

condition sh own in Table 3. 


(a) Cavity pressure and set-poin t, and 

(b) servo-valve opening. 
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Figure 7. System response durtng filllng and 
pacldng in Experiment CP-3 with conditions 

shown in Table 3 . (a) Cavity pressure and 
set-point, and (b) seIVo-valve openIng. 

because tbe upper bound of the servo-valve 
opening is too high. Oscilations dlmínished when 
fue upper bound was set a t 80% as seen in Fig
ure 8 for Experiment CP-4. 80th temperature 
and pressure change very rapidly durtng filling , 
thereby affecting the polystyrene compres lbilily 
since It is amorphous and its viscoslty Is very 
sensltive lo temperature nearthe glass transltion 
temperature. Thís leads to oscillations in servo
valve opening. However. reasonable resu lts on 
the control fue cavity pressure profile were ob 
tained. 

Conclusions 

A first-order model for fue cavity pressure 
dynamics along with a self-tuning approach has 
been proven to be effect tve in controlling the cav
ity pressure profile during the filling stage. Pa 
ramelers of fue rnodel are estimated onIine uslng 

forgetting factor A. = 0.75. wh ile the con lroller pa
ramelers were determined by the pole location 
procedure. Controller saturation is r educed us
Ing a firs t-order observer and state feedback. Ex
perimental results showed the effectiveness of 
the proposed stralegy. 

The cavity pressure is difficult to control 
due to polymer solídification in fue sprue and 
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Figure 8. System response durtng filling stage 
in Experirnen t CP-4 Wiili conditions shown 
inTable 3. (a ) Cavity pressure and set-polnt, 

and (b) servo-valve opening. 

runner and al the cavity walls. PoIymer solldifica
tion causes a dam ping effect which con ducts , in 
sorne ca ses, to oscillations in the manipulated 
variable and consequently in the cavity pressu re. 
These osclllations rnay afTect part properties. For 
a fu ture development of lhis work. lo avold thls 
incovenience, the use of digital fllters is sug
gested. 
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