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Abstract: - Forces that occur into various manufacturing processes usually are worth to be known because of
their key role in determining geometrical precision of the manufactured parts, in influencing technological
system’s rigidity and in reducing energy consumption. The innovative device for measuring these forces is
characterized by the shape and dimensions of the elastic element that proves good signal decoupling and the
possibility to use it in various manufacturing processes types. The device's prototype was obtained and tested
so that, its rigidity characteristics and calibration equations to be determined. Experimented while
manufacturing, both in machining and metal forming process, and aided by a LabVIEW data acquisition
system, the device made possible the exact determination of each force's component as well as of whole
process force’'s modulus.
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1 Introduction Choosing the one that provides values closer to
Manufacturing process is the main stage in real ones represents a matter that requires thorough

obtaining any final part. Its optimization, for botn ~ Study and good working experience

cutting or metal forming processes, is possible [1] Measuring manufecturing forces is, usualy,

only if the dependence relations of the involved ~ Performed [4], [5] into laboratories — for

factors (variables) are known. Usualy, these  ©€xperimental—theoretical  research  or, into

relations are called process functions. production — for adaptive command of the
Process forces represent a very important typeof ~ technological system.
process functions, because of their important role in The most important component of a force

determining geometrical precision of the machined ~ Measuring system is the force measuring device,
part, in influencing technological system’s rigidity ~ Whose relevant characteristics are [2]: the load, the
and in reducing energy consumption. exit ggnal, the cal |_braI| ng curve, the hysteress, the
Some of the variables manufacturing forces rigidity — both static and dynamic. For their proper
depend on can be mentioned as: part materia’s use, all of these systems have to be calibrated.

characteristics, geometric parameters of the tools ~ The elastic element — meaning it's shape,
being used, values of the manufacturing process dimensions, material, etc., represent the key element
parameters, etc. of the device. The transducers (the study refers to

Analytical models of manufacturing forces are  'eésistive ones) bond on it should “signalize” any
determined even theoretically — by a theoretical kind of its deformation. _ .
study on defining parameters or, theoretically- Usually, the elastic element is submitted to
experimentally — by choosing some regression type various loading types and the de(_:ouplln_g of its
models and determining their constant values, based complex deformation’s components is possible only

on experimental data. if the transducers are placed in an appropriate
The specific literature presents various models -  humber, section and direction. _ _
mathematical or graphical ones, for both, cutting The manufacturing force measuring devices, that

and metal forming processes. All of them take into ~ do already exist, have various constructive-
account the influence of different factors, with or ~ functional structures but, are special or specialized

without interactions, and their variation range ones — meaning they can be used only for a single
values. manufacturing process type.

Once obtained, any force measuring device
should be experimentally calibrated.
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2 Problem Formulation

Based on the above mentioned aspects, it has
been considered of interest [6], the following
objective: to design, to manufacture and to
experimentally-theoretically characterize a device
for measuring manufacturing processes’ forces.

To achieve the mentioned objective, there have
been established the research directions, such as:

- designing and obtaining the force measuring
device;

- defining and determining of some deformation
and rigidity characteristics [3], [6];

- calibrating the device;

- measuring process forces by using the device
into various manufacturing systems.

The research methodology, consisted in some
steps, asfollows:

- defining theinitial conditions;

- establishing the innovative shape of the elastic
element — basic component of the force measuring
device

- dimensioning calculus;

- prototype manufacturing;

- theoretically-experimentally determining of
deformation and rigidity characteristics;

- theoretically-experimentally determining of the
calibrating equation;

- determining some functional and exploitation
characteristics by using the device into various
manufacturing systems.

3 Problem Solution

As the objective is to obtain the innovative device
for measuring forces occurring into various
manufacturing process, there have been solved all
the problems stated above.

3.1 Elastic Element Design

Most of rea situations claim measuring forces
that occur into manufacturing systems associated to,
both cutting processes (turning, drilling, milling,
grinding) and, metal forming processes (punching,
bending, drawing, extrusion)

As initial conditions, based on applicative
situations, there have been considered the nominal
load, along each of the main axis, to be of 10,000 N
and the torque, around each of the main axisto be of
500 N-m (OXY Z being the reference system).

One other important condition was that of good
signals decoupling, regardiess loading direction /
measuring channel.
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The innovative shape of the elastic element (that
is the most important part of the force measuring
device) consists in a two sides wheel — the upper
one rotated by 90° with respect to the lower one,
each of them having two spokes.

The dimensions of the elastic element were stated
to be: 15 mm in highness and 150 mm in diameter
(each side of it). Figure 1 and Figure 2 point out the
elastic element’ s design.

AN

View from C

Fig. 2 Elastic element’s dimensions
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3.2 Prototype Manufacturing

The program used for simulation was ANSY S
and with a ten points tetrahedron element there was
obtained the parametric model for the study of
elastic element behaviour under various loadings.

Because of the constructive and loading
symmetry, the ssimulation can be developed only for
one part of the elastic element. The purpose of this
modeling is to determine:

- maximum values of equivalent stresses,

- the influence between measured components,

- resistive transducers position, so as to get
maximum sensitivity and lower signal’s reciprocal
influence.

So, for loading with vertical F, force (along OY
axis of the reference system), the equivalent Von
Misses stresses are presented in Figure 3, while the
specific deformations, along the indicated line, are
pointed out by Figure 4.
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Fig. 3 Equivalent Von Misses stresses for F loading

(NN

€ ixlow=-4y

1.

AT
4 N
\

\

-1. \

. \ )

o \ L1 |/

_2.585 \'/ mm

o 5,571 11.943 17.314 z3_836 23 853 35825
2.9885 8.987 14,929 20.900 26.872 32 844 28.815

DIST

Fig. 4 Specific deformation variation for F,loading
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Fig. 5 Equivalent Von Misses stresses for My loading
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Fig. 6 Specific deformation variation for My loading

Similarly, the equivalent Von Misses stresses
and the elastic element specific deformation’s
variation, when loading with M, torque (around OY
axis), are shown by Figure 5 and, respectively,
Figure 6.

As result of the whole loading conditions
simulation, it was possible to determine optimum
position and connection for the resistive transducers
used (TER). Examples of transducers Wheastone
bridge connection, for F, and M, loading, are
presented in Figure 7 and, respectively, Figure 8.

The study of eastic element’s rigidity, under
dynamic loading, has also been performed, some
results being shown by Figure 9.
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Fig. 7 Transducers position and connection
for F, measuring

w=67, 157

Fig. 8 Transducers position and connection
for My measuring

vibration resonance frequency vo = 627,5 Hz

vibration resonance frequency v, = 7182,7 Hz

Fig. 9 Dynamic loading simulation

As result of all the above mentioned aspects, and
of more others — screw holes, technological system
contact elements - it has been manufactured the
force measuring device's prototype. The image of it
is presented in Figure 10.
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Fig. 10 Force measuring device's prototype

3.3 Deformation and Rigidity Characteristics

Some elements need to be defined, so as to
theoretically-experimentally determine deformation
and rigidity characteristics. Thus, there are:

- loading force, F; aong each of reference
system axis, called Fy, Fy, and F;

- loading forces, F, in XQOY, YOZ and XOZ
plans, called Fyy, Fy, and, respectively, Fx;

- angles between force direction and reference
axis—OX, QY and OZ, oy, ¢y, and, respectively, ¢;

- static resulting deformation, U, along each of the

reference system’'s axis, called X, Y, Z;

The loading force, F, was applied to well
defined points (of the device) and, along well
defined directions, while the resulting deformation,
U, was measured on certain points (of the device).

The deformation characteristic was determined,
as graphical dependence:

U=U(F) (1)
while the strain and rigidity values, C and,
respectively, K, were established by relations:

_ U max Frmax

C=—mx
Fmax

K:

2
Umax

Some images, taken while determining of
deformation and rigidity characteristics, are
presented in Figure 11 — for turning type processes,
as well as in Figure 12 — for drilling, milling,

punching, bending, etc. manufacturing type
processes. There ae adso presented the
corresponding determined  static  deformation

characteristics.

Examples of experimental results, thus obtained,
are presented in Table 1 — for turning type processes
and, in Table 2 — for drilling, milling, punching,
bending, etc. type processes.
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Fig. 11 Loading force, F —turning type processes
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Fig. 12 Loading with F, force, from exterior - drilling, milling,
punching, bending, drawing type processes
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Table 1
Experimental results—for turning type process
F Deformation [um] i i
[daN] X v 7 A: loading point
| 0 0 0 1: measuring point
0 ul 0 0 0
50 I 0 -21 117 I: loading
ul -4 -13 210 ul: unloading
I -7 -45 232
100
a0 o 0= (0250
Z: ° I:X
180 14 | -80 | 410 ¢:= 90° =
I -16 -96 479
200 ul -16 -96 479
F,, [daN] Deformation [um]
(¢ =60°) X Y Z A: loading point
I 0 0 0 _ :
0 5. measuring point
ul 1 1 0
0 L 11 | 10 | -39 I: 1oading
ul -13 12 -32 ul: unloading
100 I -20 19 -50
ul 24 20 61 ¢x=90% ¢y=30°
| 23 29 93 (p,= 60°) = Fyz
150
ul -27 30 -96 5
I -33 40 -127 3
200 ul
-33 40 -127
Table 2
Experimental results—for drilling, milling, punching, bending, drawing type process
F Deformation [um] v
[daN] X Y z X B o
‘ ‘— A: loading point
I 0 0 0
0 ‘ . .
ul -3 0 1 3: measuring point
I -28 1 1
S0 ul -45 3 2 I- loadi
| -60 3 6 - oading
ul: unloadin
100 ul -74 4 11 9
| -81 5 10 Fx= applied from
150 = 107 6 16 the exterior
I -122 6 18
200 122 | 6 18

For the presented examples, the resulting values -
- seerelation (2) — of strain and rigidity are shown in

Table 3.

There were also carried out experiments, in order
to check the accuracy of the vibration resonance

frequencies, simulated with ANSY S software.
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So, the device's dynamic loading was done with
aspherical element, weighting m[kg], and falling on
the device from a height, h [mm]. The answering

resonance frequency is determined (on
oscilloscope screen) for each experiment.
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Table 3
Deformation and rigidity values
Strain, C Rigidity, K
) [mm/daN] [daN/mm]
F Mmrlng X max Ymax Zmax Xmax Ymax Zmax
[ daN] pOI nt Fmax Fmax Fmax Fmax Fmax Fmax
x 10° x 10° x 10° x 10° x 10° x 10°
F« 1 -0.080 -0.480 2.395 -12.500 | -2.084 418
Fy. 5 -0.165 0.200 -0.635 -6.061 5,000 -1.575
P 3 -0.610 0.030 0.090 -1.640 33,334 11,112
exterior

The experiment scheme is shown in Figure 13,
while a device's vibration answering curve is
presented by Figure 14.

1 —rigid support; 2- guidance cylinder;

3 —spherical element, weight m;

4 — additional element; 5 — addition plate;

6 —dynamometer; 7 —rigid mass, 8 —transducer;

9 -BrUel-Kjoer vibrometer; 10 —memory oscilloscope

Fig. 13 Dynamic rigidity experiments scheme

Fig. 14 Vibration answering curve —in dynamic
loading
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3.4 Calibrating Equation

Cadlibrating the device, in order to measure

manufacturing forces, had to be realized under
conditions similar to the ones existing in rea
situations.

So, as the manufacturing processes conditions

vary in alarge amount, there have been carried out
lots of experiments, each one being characterized
by: loading point’s position, the direction (Ox, OY,

0z) and values of the loading force, the device's

deformations. Thus, under F, (p =X, Y, z) loading,
there is generated the €, , &, , €, Signa to the
"CY’, 'Cy and, respectively, ''C,”’ channels of
the electronic bridge.

The scheme of calibrating experiment under F,
loading is shown in Figure 15, and an image, taken

while this calibrating experiments, is presented by

Figure 16.
z
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Fig. 15 Scheme of the calibrating process - loading
with F, force
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Fig. 16 Cdlibrating process - loading with F, force

While a certain force was applied, the
corresponding deformations, along each of the
reference system’s axis, have been measured. There
have been obtained linear dependence equations,
such as:

gpp =850 Fp +0e  (p,0=%,2) ()
by adding the effects:

Ex =Exx T Eyx T Ex

Ex =Exx +Eyx +Exx ®)

Ex =Exx tEyx T Ex

and, consequently, the calibrating equation was:
-1

Fy Ay Ayx Ax ey — Dy + byx + by
Fyl=lay ay ay| - sy—bxy+bw+bZy (6)
F, 3, dy; €, — 0 + byZ + bzz)

An example of the experimentally obtained

results is presented in Table 3 (I is loading; ul is
unloading).

Table 3
Deformation [um]
F _
€ =XY,Z
[daN] pX (P y )
Fy Fy F,

I 0 -3 0
0

ul 4 -4 -3

| 219 -9 -12
50

ul 223 -9 -13

I - -
100 431 15 38

ul 435 -16 -39

| 641 -21 -54
150

ul 644 -23 -56

| 835 -29 -78
200

ul 835 -29 -78
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Fig. 17 Cdlibrating curves—for F, experiments

The calibrating curves, for the above presented
experiments, are shown in Figure 17 (a is loading
and b- is unloading). The regression coefficients
have been determined with CurveExpert 1.3
software.

When a Hottinger electronic bridge was used, the
calibrating equations obtained are:

- for loading

Fy 02402 —-00052 —-00218 [ &, —6200
Fy| =/-00092 02443 -00181.| e, ~17600 (7)
F,| [-00100-00237 02361] | &,+4000

- for unloading
R 02412 —-00052 —00214 [ &, —14200]
F/| =-00089 02399 -00177- ¢,-21800 (8)
F, —-00097 -00231 02365|| &,—-2200

3.5 Exploitation of the Designed Device
The device for measuring manufacturing forces,
was tested into severa technological systems — in
both cutting, and metal forming manufacturing
Processes.
An image taken, while turning, is presented in
Figure 18.
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Fig. 18 The device used in exterior cylindrical
turning of asample

Table 4
Turning Machining parameters
process t S \Y; n
[mm] [mm/rot] | [m/min] | [rot/min]
TP1 0.2 0.3 0.4 1
TP2 0.1 0.14 0.2 0.2
TP3 150 110 75 75
TP4 800 600 400 400
. V — cutting speed;
et n-manginae
' rotationa speed

There were considered cylindrical (55 mm,
diameter) samples, made of OLC 45 and they were
submitted to exterior cylindrical turning type
process.

The values of cutting process parameters have
also been established and presented in Table 4.

In order to measure the turning forces, there has
been used a computer aided data acquisition system,
LabVIEW, that enabled a sampling rate of 1,000
measures/second, for 5 second, thus, resulting in
5,000 successively measured values, at an interval
of 1milisecond.

A detail of the obtained curves is pointed out by
Figure 19.

With a specific LabVIEW program — whose
schematic structure is presented in Figure 20, there
have been calculated the medium values, in volts,
for each of the force's components. Taking into
account the electronic bridge characteristics and the
calibrating equation, there have been obtained the
values, in daN, of the manufacturing force.
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Fig. 19 The curves corresponding to the turning force's
components
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Fig. 20 LabVIEW program for obtaining medium values
of measured values

For example, if the values of the cutting
parameters were: cutting speed, v = 110 m/min;
cutting speed, s = 0.14 mm/rot; cutting depth
t = 0.3 mm then, the values of the turning force's
components were determined to be: F, = 7.43 daN,
Fy = 6.73 daN, F, = 4.97 daN, meaning, the global
forceresulted in F = 11.2 daN.

If, for the considered turning process, the
manufacturing force should have been calculated
with the relations presented by the specific literature
[5] the value for the F, component of the cutting
force results in 12.16 daN. One can notice good
concordance  between  experimentaly  and
theoretically determined values.

The device has, also, been tested into a metal
forming process, meaning punching of the part
whose drawing is shown in Figure 21.

An image, taken while the tests were on, is
presented in Figure 22.
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Fig. 21 Drawing of the punched part
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Fig. 22 The device used in punching of asample

The device managed to offer good results, in this
kind of manufacturing processes, too. So, if the
punching force would have been calculated
(knowing the material’s thickness, 0.4 mm, and
shearing stress value, 30daN/mm2), the obtained
value would have resulted in 713.4 daN.

When using the device for measuring processes
force, based on its calibrating equation and the force
variation curve (registered on the oscilloscope
screen, the device was connected to — as seen in
Figure 23), the obtained value was 710.2 daN.

Fig. 23 Punching force variation curve
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4 Conclusion

The designed and manufactured device for
manufacturing forces measuring, is characterized
by: high rigidity; significant decoupling of the
signals corresponding to various loading directions;
low weight; easy to use.

All of the above mentioned aspects were
theoretically and experimentally determined.

There have been designed and realized al the
experimental stands needed, there have been carried
out lots of experiments, there have been used
modern and complex software and, finally, the
experimental results were in concordance with the
theoretical ones.

Some important aspects, of the device, should be
stated as follows: innovative form of the elastic
element; good deformation characteristic and high
values for the static rigidity; reliable calibrating
equations; possibility to use it in, both, cutting and
metal forming manufacturing processes; opportunity
for its exploitation into an automated adaptive
command system of the manufacturing process.
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