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1. SUMMARY OF PHASE I ACCOMFLISHMENTS

The primary objective of Phase I research program was to demcnstrate
the feasibility of inmstrumenting a standard lathe toolholder with strain
gages 3s a means of producing a low-cost cutting torce transducer.

The two tasks identified as critical in this proof-of-concept program were

1. Develop a strain gage mounting scheme which would maximize

sensitivity and permit isolation of individual force components.
2. Develop sigral conditioning and processing methods to interface

the instrumented toolholder with the variety of likely applications.

A gage mounting scheme was developed which provided suiiabie sensitivity
and force compcnent isolation. A computer analysis was performed to
investigate the validity of this methodology and to mocel three proposed
prototype configurations. Analytical results indicated that any of

the three would result in a successful transducer design.

A prototype was constructed v.aich followed the énalytical model within
the constraints of size. This initial model was tested and found acceptable
for the measurement of vertical and horizontal force components., The axial
measurement showed considerable thermal instability. The gage mounting
scheme for measuring axial force was modified to reauce thermal drift.

This seconé version showed greatly improved thermal performance, though

still falling short of system design requirements.

A series of calibration tests wvere performed to establish system

1-1 /4 DVANCED MECHANICAL TZCNOLOGY. INC.
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sensitivity and linearity. These tests resulted in excellent sensitivity
|

and linearity in thle vertical and horizontal directions,
Y ]

A series of lathe cutting tests were performed to establish the
functionaiity of the Instrumented Toolholder System. Measurements made
on a standard lathe and in conjunction with a research dynamometer verified

that the system operatec in a reliable and adequate fashion.

Several options for system applications were defined which included
force monitoring and input to : computer-numeric-controlled system. A

signal conditioning/processing scheme was identified for each of these

- options. Preliminary design considerations were established which outline

the requirements for these options.

1-2
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2. RECOMMENDATIONS FOR PHASE II RESFARCH

The Phase I feasibility research established that it is possiblé to
obtain accurate cutting force measurements with a standard toolholder by
using conventional strain gages with appropriate signal processing. Further
research is required in four main areas before the technique can be agplied
aé‘a practical tool wear measurement system. The major research task§

are as follows:

1. Develop Practical Transducer Design Techniques: In addition to

solving the problem of measuring axiél forces witﬂ the same
levél of precision and sensitivity as the.horizontal and
vertical forces, the gaging technique must be ruggedized without
excessive loss of zemsitivity and accuracy so that the instrumented
toolholder can withstand the rigors of industrial use. This

- work should be brought to the stage where a ruggedized prototype

can be tested in an actual industrial environment.

2. Define Correlation Techniques: 1In order for a practical system

to result from the proposed research, the inforﬁation obtained

in the cutting force signals must be translated into the desired
knowledge about the tool/workpiece system. Out of the large number
of correlations available, e.g., absolute force levels, ratios of
two or three force components, etc., the one or two techniques

that hold the most promise in terms of accuracy, widespread
applicability, cost effectiveness, etc., should be identified énd

appropriate information processing teéhniques should be developed.

2-1 /4 DVANGED MECHANICAL TECHNOLOGY. 1 C




Identify Interface with NC Machines: While it is generally

acknowledged that knowledge of cutting conditions is necessary for

adaptive control of NC machines, it is not clear how the NC machine

"should utilize this information, nor how interface should be defined.

While there is probably no unique answer to this question, one or

more promising adaptive contral applications should be identified
)

and researched in order to establish that tool force measurement

<

can indeed provide useful input to adaptive control machiring.

Field Test Tool Force Measurement Svstem: The outputé of the

first three tasks should be tested through field evaluation of a
prototype cystem employing a ruggedized, instrumented toolholder
(Tack 1), a prototyp. signal processing package (Task 2), to provide

input for adaptive control of a CNC control machining system (Task 3).

/4 OVANCED MECHANICAL TECHNOLOGY. INC.
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3. GENERAL REQUIREMENTS FOR INSTRUMENTED TOOLHOLDER DESIGN

3.1 Introduction

)

" An important national problem is the slipping productivity in the U.S.

relative to other countries.

a'larger part of small batch manufacturing machining capacity.

Computer controlled machining is fast becoming

The next

st :p beyond this phase, which can provide a tremendous improvement in

productivity, and result in energy and material conscrvation is "adaptive

control” machining. Bowever, this step would require the development of an

inexpensive innovative approach to measurcement of cutting tool forces. The

force components can then be fed back to the computer and used to optimize

the machine process.

The major force cecpenents acting on a cutting tool vary in magnitude,

phase, and ratio according to many conditions such as:

flank wear, sharpness
» b

of the cutting edge, workpiece rigidity, cooling effectiveness, etc. A

reliable, inexpensive, non-obtrusive, non-invasive production-type tool

-
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- force sensor would provide the missing link required for adaptive control
i .
i ’ n@chining. Furthermore, even without adaptive control, the output of such
a sensor can be used to monitor tool wear, breakage, workpiece conditibn,
) e;c., and thus can provide important benefits in and of itself.
The forces involved in metal-cutting operations haQe been measured
fér many years by those involved in cutting research. It has been clear
that monitoring cutting forces can‘b;ovide signals rich in informati;ﬁ

on tool condition, vibration, tolerance, machine utilization, etc.

However, the use of cutting force measurement in production control has
been severely limited due to the nature of the force dynamometefs available.
Most dynamometers are primarily suited to research aétivity and do not

have the operational flexibility or low cost required for use in a

general purpose machining environment; i.e., it is not practical to
interpose an extra electro-mechanical device between the machine structure

and the cutting tool.

A satisfactory production-oriented dynamometer must be such that it
in no way interferes with the "normal" operation of the machine-tool.
Conceptually, some part of the standard machine structure could be
instrumented in a manner to give force informaﬁion, This, if possible,

- would have to be done by a machine-tool builder.

In recent years, there has been a growing tendency to use some form
of "toolholder" between the machine-tool and the actual cutter. In turning
operations, for instance, the common practice is to employ a toolholder

which supports disposable cutting inserts of tungsten-carbide, ceramic,

3-2 /4 DVANCED MECHANICAL TECHNOLOGY. INC




' other tool material. Fig. 1 shows a typical 1lathe ¢oolholder.

The goal of the Phase I research has been to explore the feasibility.
of the instrumented toolholders to serve as cutting force dynamometérs.
This method will provide the necessary force signals while permitting

normal operation of the machine/tool system.

3.2 Discussion of Métrix Metliods for Instrumented Toolholder Force

Resolution

.In order to appreciate the design problems, consider a typical canti-
levar beam-type two-force component lathe dynamometer as shown in Fig. 2a.
The design is such that the point of force application lies on the neutral
axis of the beam (z-axis). Gages are placéd symmetrically on four sides
of the beam to measure moments about the X and Y axes, and therefore the
forces producing those moments. Because the point of force applicatrion
is on the Z axis, the moment about the X axis is due only to Fp and that

about the Y axis to Fq’ and Fr has no effect at all.

Fig. 2b shows the geometry associated with most standard lathe tool-
holders; the p oint of force application (M) is offset from the Z axis by a
and ¢. 1In this ;nstance the radial force Fr affects Mx and H&; and
both Fp and Fq apply twisting moments about the Z axis. Thus,any strain
gages applied to the toolholder will be sensitive to at least two of

the applied forces.

Theoratically, 3 strain gages randomly placed on a toolholder would

provide enovgh information to determine the force components. However, from

3-3 /4 DVANCED MECHANICAL TECHNOLOGY. I1.C
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3-Cbmponent Dynamomeier

B
- - F
Fp — vertical cutting force —
Fq — axial thrust (feed) force
F, — radial force

on

FIGURE 2a: TYPICAL CANTILEVER BEAM-TYPE

LATHE DYNAMOMETER
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Clamping Plane

Cutting Tool

FIGURE 2b: BASIC TOOLHOLDER ' GEOMETRY
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’ \ .
a practical point of view, we know there must be an optimal set of gage"
\

locations which will give the least overall error.
!

| |
In order to wuse such a device, we will have to determine an influence-
matrix that defines this relationship between each output and each force
component. To express this analytically, if the three desired force ..

components are Fy, Fp, F3; and the three strain gage readings are V,, V2, Vs,

then we can reasonably assume a linear relationship such that:

Fi = b11V1 + b12V2 + by3Vs

Fa

b21V1 + baaV, + by3V,

F3 = b3;Vy + b3aVz + b33V,

or BT Vi
F2 = [B] V2
F3 v3

where [B] is the influence-matrix:

b1y b2 by
b2y bza bys

b3y b3y byy

For an ideal dynamometer (such as we build for research purposes) oﬁly
the main diagonal terms (by1, bz, bi3) are significant, the others being
essentially {and desirably) zero. For the instrumented toolholder, it will

not be possible for all off diagonal terms to be zero. However, with optimal

. 3-7 ﬂDYfiv_CFD MECHANICAL YEC_HNOLOGI. INC
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gage location, we are able to make the diagonal terms dominant so that
when the matrix multiplication is carried out, the inevitable measurement

errors will not affect the system acéuracy significantly.

\

3.3 Brief Discussion of the Major Elements of the Instrumented Toolholder

System . ‘s

A brief description of the instrumented toolholder system follows. .
In Figure 3 the three basic elements of the instrumented toolholdef fofée
transducer are illustrated. The first element, the prototype toolholder
device 1s instrumented with strain gages and generates low level output signals.
The second element is a signalvconditioner which provides bridge excitation
voltage to the toolholder strain gages and amplifies the bridge output
signals such that the resultant force signals are ready for matrix
manipulation. The third and final element is the analog electronic circuit
which performs the matrix manipulation and directly displays the
horizoﬁtal, vertical and radial forces which have been applied to the
instrumented toolholder. Digital indication of three orthogonal forces
can be displayed in real time‘to give a lathe éperator visual indication

of the work which his lathe tool bit is performing.

4. TRANSDUCER DESIGN

In this section we shall address the design of the prototype
instrumented toolholder. We shall begin by looking at strain gage mounting

schemes which will permit high sensitivity and force-component measureuent

4-1 ﬂ DVANCED MECHANICAL TECHNOLOGY. INC.
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isolation (Thus'minimizing the off diagonal terms in tne influence matfix.).
This methodology wil% permit us to generate a set of gage positions to

satisfy the design driteria of maximum sensitivity and force component

!

isolation. These gage locations will then permit the development of an

- analytical model for predicting transducer performance.

4.1 Optimization of Strain Gage Placement

Figure 2b represents a typical toolholder for a turning process. The
cutting point M experiences a force which can be resolved into three
orthogonal components, FP, Fq"and Fr. The toolholder is clamped in a

tool post a distance L from the cuiting point.

4.1.1 Vertical and Horizontal Force Components, F andzq
P

_ Some conclusions about optim.zing strain gage location for force
measurement c:n be reached through some simple observations. First of all,
in order td choose a location which will maximize sensitivity to Fp'and
Fq’ the mounting locations should be as far from point M as.possible, i.e.,
as near to the clamping plané as possible. However, it is important to

consider the end effects of the clamping apparatus.

Secondly, in order to measure the vertical component of force, Fp’
gages should be placed on the horizontal surface.. These bending moments
caused by Fp result in the greztest longitudinal strains and, hence, highes£
measurement sensitivities. Similarly, gages for measuring the horizontal -
component of force, Fq’ should be placed on the vertical p}anes, where

longitudinal strains due to Fq are maximum.

ﬂDVANCED MECHANICAL TECHNOLOGY, INC.
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Thése fundamental considerations.lead directly to a.scheﬁe for
sirain gage placement which will optimize ﬁeasurement of Fp and Fq. With
reference to Figure 4a, we note that Fp, Ehe vertical component of force
can be most easiiy sensed by strain gages 1, 2, 5 and 6 located on the
horizontal surface. The bridge arrangeméﬁt:of Figure 4, Bridge 1, shows
ﬁow the strain gages form a four-arm bridée.‘ Similarly, we note that Fq,-
the horizontal component of force can be best sensed bj strain gages 3, 4’,
7 and 8 located on the vertic 1 surface. ihe bridge arrangement of
Figure 4b and 4c shows how these strain gages form a four-arm bridge. Thé

“heatstone bridge configurations shown in Figure 4 provide both maximum

strain sensitivity and maximum thermal cempensation.

Based on this strain gage placement scheme we can analyze the effect
of the horizontal force, Fq_on the vertical force strain gages. If the
gages are mounted symmetrically with respect to the vertical axis, bending
moments due to Fq cause a positive strain at gages 2 and 5 and a negative
strain of equal magnitude at gages 1 and 6. This change in Bridge 1
causes no net output. This configuration allows Bridge 1 to measure
strains caused by Fp alone, while Bridge 2 will indicate only Fq’ Crosstalk

between Fp and Fq will be present only due to gage mounting inaccuracies.

The effect of the axial force on the horizontal and vertical force
strain gages will be small since the magnitude of Fr is small compared to
Fp and Pq'(Nllé) and since a and ¢ (Figure 2b) are small compared to 1 (“1/3).
Thus th=z resulting imbalance on bridges 1 and 2 dus to Fr will be small (n1/12)

compared to the imbalance resulting from Fp and Fq.
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FI'TIRE 4a: STRAIN GAGE PLACEMENT FOR

VERTICAL AND HORIZONTAL

:‘FORCE COMPONENT MEASUREMENT
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4.1.2 Axial Component, F

L

S

Next, consider the placement of gages to measure the radial force
‘component, F}. Because there is no mechanical advantage to amplify the
radial strains, this signal is the smallest in magnitude. It is subject
to influence from the twn orthogonal forces Fp and Fq and therefore is
the most difficult to measure. The question is thus raised: Where can
strain gages be placed which w111 max1mize sensitivity to F and minimize

the crosstalk from Fp aund Fq

One obvious p0351b111ty for minimizing cross effects is to place.
gages near as possible to point M, thereby minimizing the moment arms for
Fp and Fq. However, near point M possibilities are greatest for physical
contamination from metal chips and lubricating oil, high temperatures
and impact damage. In addition, since lead wires must be run from the
gages out of the toolholder, one axial location for gage placement would

- be advantageous. Therefore, given these censiderations, where might
gages be located a distance 1 from the cutting point which would minimize

v o effects of F and F ?
P q

; ) - We know from simple analytical considerations that a plane exists

along which the displacement due to bending moments induced by Fp and

Fq is zero. Furthermore, it can be shown [1] that this plane is inclined

on angle.B from the horizontal axis where
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Figure 5 f?lustrates this neutral plane location. From Eq. 4-1 we

can see that the location of zero strain due to bending moments is a
i
. i
direct functioniof the ratio Fq/Fp. If a strain gage were located at

the intersection of this neutral plane and a vertical surface (points P,

and P;), it would not be sensitive to strains induced by Fp and Fq._

Therefore, it could be used to measure compressive strain due to axial

force Fr alone.

Next; let us determine the location of Points Py and P,. KEq. 4;1’
shows us that we must kﬁow the force ratio Fq/Fp if we are to locate
these points. Fig. 6 shows a typical example of this force ratio as a
function of tool wear. We can see that (Fq/FP) varies from about 0.4 to
0.5 over the range of tool wear illustrated. If we were to locate a
strain gage at the position corresponding to Fq/Fp = 0.5, the effects
on that gage due to Fp and Fq would diminish over tool life. So, as
tool wear increased, our crosstalk effects would decrease by about 20%
over the range of tool wear illustrated. Thus, the effectiveness of
our matrix methods would increase as tool wear progresses. We conclude
that the gages for measuring the axial force component should be located

,at points Pij and P, where tan B =0.5.

Figure 7a-b illustrates the strain gage locaFions for‘sensitivity
to Ff which arise from the above considerations. In qrder to maximize.
system sensitivity and minimize error due to temperature effects, com;1~
four-arm bridges should be used. However, in the case of this radial
component (a pure compressive load) a four-arm bridge of axial gages would

yield zero cutput. Three options were considered for this measurement.
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They are described below.

T B

Configuration A

Four axial semiconductor gages, using two negative and two
‘positive strain sensitivities (Fig. 7a). This configuration

. represents the highest potential strain sensitivity, since it

allows the use of a full bridge with high strain sensitivity and
I . potential temperature compensation.  However, the peculiarities
of semiconductor gage characteristics make this an unworkable
solution. (Refer to Section 7.2 for a discussion of the problems

encountered with this measurement scheme.)

Configuration B

Four N type semiconductor gages mounted on the toolholder
with two located along and two located normal to the axis of the
“toolholder. See.Figure 7b. This configuration yields slightly
decreased sensitivity over a half-bridge configuration due to the
added Poisson effect ;n the direction perpendicular to the
longitudinal axis under compressive loading. In addition, this
. v configuration allows bridge self—temﬁerature compensation. The

disadvantage of this configuration is _he relatively high cost

of semiconductor gages.

Configuration C

Four high resistance foil strain gages mounted in a configuration
similar to B. That is, twogages mounted along the toolholder

axis and two mounted normal.to the toolholder axis. High

ﬂDVANCED MECHANICAL TECHNOLOGY, INC.
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gain electron%cs are necessary to achieve the required sensitivities
(approximate gain of 10,000).
i

)
4.2 Analytical Moéel

We have seen in Sec. 3.2 that, in general, the outputs of three
randomly positioned strain gage bridges are sufficient to determine three

orthogonal components of force. 1In addition, we can define a set of

influence coefficients (bij) such that
F b1 bi2 bis Vi
P
Fq = bz1 b2z ba3j | V2 4-2
Fr bii biz bi; Vi

This equation shows that once the coefficents (bij) have been determined,
a unique relationship has been defined relating force inputs to bridge outputs.
This technique provides a simple method for measuring the tﬁree components

of cutting force.

In Sec. 4.1 we found that one could identify strain gage positions
which would make each bridgé sensitive mainly to one force component and
only minimally affected by the other two. That is, wé can position the
gages so that the diagonal terms of the B-matrix (bj;, bsz, b33) are large
in comparison to the off-diagonal terms. We have identified a series

of gage positioning options to implement these techniques. >

In this section we shall present a summary of the analytical model fof

predicting the values of (bij) given toolholder geometry and gage positions.
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In the Appendix A t'.e reader can find a detailed treatment of this model

for one of the options of Sec. 4.1.2.

i To begin with, we can model the toolholder of Fig. 2b as a cantilever

beam tlamped a distance L from the cutting point M. This beam is loaded

at M by three orthogonal force components Fp’ Fq and Fr. We can then

“calculatr the resulting twelve strains (El; €12) at each gage site. The

result of this analysis is an expression relating each strain to the

three force inputs which has the form

€ =a F =a F 4+a F
ny p nz q n3 r. 4-3

‘We know that for small strains, the output of the Weatstone bridges

of Sec. 4 can be expressed by a linear summarion of each gage output. For

example, for Bridge 1 of Fig. 4b, we can write

Vout, 1 - Fbl(sxcl + 5266 - Ss5€5 = Sgfg) 4-4
Wnere:
Vb! = bridge excitation voltage
) S;1 = gage factor for gage 1, etc.
B €1 = strain at gage site 1, etc.

By cémbining Eq. 4-3 and 4-4, we arrive at an expression which can

be reduced to the form

) ', = Rt
A\ b IIFP + b 1,Fq b IBFr 4-5
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or, in matrix form

vl = [B] I[F}.

So, we see that Eq. -6 represents a uni

4-6

que linear relationship

between three force inputs (Fp, Fq’ Fr) and three bridge outputs (V,, V2, V3).

By premultiplying each side of Eq. 4-6 by B !, we find

[Fl = 81 % (v].

4-7

Eq. 4-7, then, is the expression identical to Eq. /-2 which allows us to

calculate unique values for Fp’ Fq and Fr from V3, V2 and V3

once the influence

coefficients (bij) have been determined. Using these results, then, we can

analytically predict transducer sensitivity from a stress analysis of a

particular toolholder and gage geometry.

4.3

Results of Analytical Model

4.3.1 General Considerations

In the preceding section we cutlined an

transducer performance. This model was used

and to select proper strain gage materials.

analytical model for predicting
to analyze trial configurations

The model was implemented as

a computer program to allow rapid analysis of various trial configurations.

The complete FORTRAN listing of this coding may be found i.. Appendix B.

As we have seen in previous sections, th

e scheme for measuring vertical

and horizontal force components was fairly straightforward. The configuration

shown in Fig. 4 was used in all trial cases.

The axial component measurement

scheme was then varied to assess the performance of Configurations A, B

4-16
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o d

and C described 1nﬂfec. 4.,1.2. The input parameters were transducer geometry,
strain gage positioning, strain gage properties and signal conditioning
parameters. The odtputs of the program were stra®as zt each gage site, and

; :

: |
calculated influence coefficients (bij).

A‘éummary of these calculations ié presented in Table 1 for the three
types of axial force measurement (the reader is veferred to Appendix C for
a complete tabulation of these results). The data shown are calcualted
values for the influehce coefficients introduced in Sec. 4.3. That is,
these numbers represent the scaling factors for isolating one ferce component
signal from the effects of the uther two. Table 2 presents a reduction of
these raw influence coefficients to values suitable for comparison to each

other and for performance evaluation.

4.3.2. Vertical and Horizontal Force Components

Let us first consider the vertical and horizontal force component
measurement. From Table 2 we.can see that; in all cases, .the sensitivity
to force inputs is 20.9 V/1b. If we are to assume that random s&stem noise
can be limited to less than 10 mV, we findAthat inputs of 1 1b magnitude
can be distinguished. Theréfore:'we can resolve forces on the order of
100 1b to within 1 1b. This accuracy is more than sufficient for normal

machine tool applications.

4.3.3 Axial Force Component — Configuration A

~

We first reiterate that Configuration A consists of four semiconductor

gages using two negative and two positive strain sensitivities. The results
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th cemed

Conditions

Force Input:

* Buinang

Sensitivity Physical Crosstalk before Influence Coefficients
Gaging Configuration (mv/1b) (%) .
‘Horizontal Axial
Vertical 20.9 0 -14.5
Horizontal 20.9 -— 17.3
Axial 32.4 0 -
Vertical 20.9 0 . -23.0
-Horizontal 20.9 - 27.3
Axial 20.4 0 -
Vertical 20.9 0 ~20.0
Horizontal 20.9 - 23.8
Axial 23.5 0 -
i
TABLE 2: CALCULATION OF PHYSICAL CROSSTALK FOR THREE FORCE

COMPONENTS, FOR INSTRUMENTED TOOL HOLDER

CONFIGURATIONS A, B AND C
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presented on Table 2 clearly show that Configuration A presents the best
potential for sensitive axial force measurement. The sensitivity (32.4 mv/1b)

is even. greater than the vertical and axial cases. Furthermore, the

'‘physical crosstalk is the lowest of the cases analyzed (14.5-17.3%). So,

‘if this configuration could be physically.implemented, it would provide

an excellent axial force measurement. However, it bears the disadvantage

of the high cost of the four semiconductor strain gages.

4.3.4 Axial Force Component - Configuration B

Configuration B represents two axial and two perpendicular N type

" semiconductor strain gages mounted on the toolholder. It is another viable

alternative for axial component measurement. In comparison to Configuration
A, it shows both reduced sensitivity to force input and increased physical
crogstalk. However, the sensitivity remains on the same oruer as the
vertical and horizontal channels. The crosstalk, though high, remains in
the acceptable range. That is, even if the error in implementing the
influence coefficients were as high as 107%, the total error in indicated
axial force would be no greéter than about 3%. However, Configuration B
shows no technical advantage over the configuration using standard foil
strain gages. Since semiconductor gages are about five times as costly as
foil gages, Configuration B would add about $30 to the manufacturing cost

of the transducer while adding no increase in performance.

4.3.5 Axial Force Component - Configuration C

Configuration C is the same geometry as Configuration B but using high

resistance foil gages. We can see from Table 2 that like Configuration B,

4~-19 /4 DVANCED MECHANICAL TECHNOLOGY. INC
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Configuration C offers decreased sensitivity and increased crosstalk in
comparison with Configuration A. ‘However, using the same arguments as in
Configuration B above, we can see that the performance offered by
Configurétion C is fully acceptable for axial component measurement. In
addition, this configuration minimizés the cost of ét%ain gageé and eliminates
the extreme thermal sensitivity found in semiconductor gages. Therefore,
Configuration C offers the more attractive alternative if Configuration A

proves unworkable in practice.

4.3.6 Additional Observations from Analytical Results

We can draw a few other conclusions from the results ﬁf these analyses.
First qf all, we see that the use of conventional gain (1000-2000 v/V)
electronics fer axial force measurements would dictate the use of semi-
conductor strain gages with at least 3.5 VDC excitation voltage. 1In most
cases, this value for excitation is within the region where thermal drift

problems could be expected.

Secondly, in order to use conventional strain gages (GF = 2.0) ultra
high gain (10,000 V/V)amplification is required in conjunction with
exceptionally high excitation voltage (2 15 VDC). This value for gain is
higher than normally used since input noise ¢1uV can become significant.
However, electronics of the quality required for this task is readily

available at moderate cost.

In considering the effects of using excitation voltages greater than

15 VDC, one must again consider thermal drift problems. The power dissipated
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In order to operate within the limits recommended by strain gage manufacturers,

power dissipation must be kept below 0.04W per gage. This results in h

v: _15% _
R='P——‘bz~-56259

So, we must use ultra-high resistance strain gages in order to realize
proper sensitivity. Again, though not commonplace, such gaging material

is presently commercially available at moderate cost.

4.3.7 Conclusions from Analytical Results

From the consideralions above we cén draw the folléwing conclusions:

1. The suggested scheme for measuring horizontal and axial componenfs
should result in satisfactory transﬁucer performance.

2. The Transducer Configuration A for measurement of axial force of fers
the highest poﬁential trarsducer sensitivity at the expense of
higher transducer manufacturing cost and hiéher susceptibility
to thermal drift.

3. Transducer ConfigurationC offers a fully acceptable axial component
measurement scheme while reducing transducer cost and thermal.
problems. However, such a method would req;ire the use of more
sophisticated high-gain signal conditioning and infrequentiy;used
strain gage materials. 1If these difficulties can be overcome,
Configuration C would be the best overali solution to fhe axial

force measurement problem.
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4.4 Cost/Benefit Considerations

The first research objective of this Phase I developrent program was

'

to instrument a toolholder within the constraints of reasonable cost and
ufility. Based on the work conductédlin this feasibility program, it!?s
apticipated that a ruggedized production instrumented toolholder would be
favricated by placing a custom de;igned strain element at only four locagions
on a modified production toolholder. The estimated manufacturing coég of
such a device would be approximately $100 in small quantities. Since

such a device would be used continuously for several weeks before replacement,
it would seem that the goal of reasonable cost has been obtained. Since
custom strain elements can be ordered in quantity from present suppliers

of strain gage rosettes, it would also appear that the instrumented toolholder

could be reduced to a readily producible commodity.

Tﬁe approach of utilizing custom designed strain elements will give
the added benefit of allowing the location of one strain gage relative to
another to be held very accurafely. Therefore the time required to mount
the gages accurately will be greatly reduced as only four elements will

need to be located on the toolholder.

ﬁatrix methods give an additional benefit in that any strain element
alignment errors can be factored out by the matrix method. While it is
desirable to locate the strain elements accurately for minimum crosstalk,
matrix methods will reduée the requirement for gage placement accuracy
and thereforg help in making the toolholder a readily producible inexpensive

product.
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5. TRANSDUCER CONSTRUCTION

5.1 Description of Transducer Construction

" The implementation of the foregoing transducer cesign involved mounting
strain gages on a standard toolholder -available for machines in-use at
AMII. An aloris ADS 5-3 toolholder with 5/8 in sqﬁare shank was modified
to receive the necessary gages. Fig;re 8 shows a photographic:view of
this constfuctioﬁ; “Four surfaces were ground flat for gage mo;nting. A
nole (.125 in) was drilled along the 'axis of the toolholder large enough to
allow extraction of all lead wires for the strain gage bridges. At each
gage mounting surface a smaller hole (.09%4 in) uas‘drilled intersecting
with the axial passage to lead wiring away from the gage sites. After
mounting, the gages were covered with protective foam‘padding and aluminum
foil tape for shielding. The wiring was carried from the transducer to
the signal conditioners using shielded multi-conductor cable. Fig. 9 shows

a photographic view of this construction.

5.1.1 Configuration A

The first prototype constructed used standard foil-type strain gages
(120 @, GF = 2.015, thermaily compensated to steel) for positions 1-8 in
Fig. 7a, Positions 9-12, those sensitive to axial loading, used semiconductor
gages (120 @, GF = #100). Two of these were P-type doping (positive AR/R
for positive AL/L) and two were negative doping (negative AR/R for positive
AL/L). As described in Section 4.1, this configuration allowed measurement
of a pure compressive load while retaining full bridge sensitivit§‘ As

described ‘in Sec. 7.2, this configuration proved to have no thermal stability.
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5.1.2 Configuration B

The second configuration used four N-type semiconductor gages
(i20 Q, GF = f100, thermally-compensated for steel) with two mounted
perpendicular to the shank axis. This configuration permitted greater
therméiﬁséability at the expense of reduéed bridge sensitivity. This

configuration is pictured in Fig. 10.

5;1}3 Configuration C

Due to limitations of time and capital, Configuration C was not tested
in a transducer prototype. However, a series of tests were perfcrmed to
establish the viability of this configuration. The reader is referred to

Sec. 7.3.3 for a surmary of these brief tests.

5.2 Conclusions from Transducer Construction

This prototype demonstrates all the desired features for a satisfactory
production-oriented dynamometer. It uses a standard toolholder and mounts
in a standard tool post. As will be shown in later sections, it can produce
accuracy and utility comparéble to a research lathe dynamometer. Finally,
it can be constructed for a cost low enough to permit widespread application

in conventional and numeric-controlled machining operations.
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6. PROTOTYPE SYSTEM SIGNAL CONDITIONING AND PROCESSING
The general requirements for signal conditioning and processing can
be cummarized in graphic form by Fig.-11. Low-level strain gage signals

mist be amplified to useable voltage levels. These three signals must

then be manipulated to perform the multiplication by the influence

~coefficients. Finally, the results must be displayed or recorded as

force components with engineering units (1b, kg).

4

In this prototype system, bridge exictation and amplification was
performed by standard strain gage signal conditioners (Vishay 2120A). This

equipment provided suitable excitation and gain for all transducer testing.

The matrix manipulation was performed by an analog circuit built for
this program. 1t represcnted the simplest and most straightforward mecans
of inputing coefficients and displaying results. Fven though this function
could have been performed using a computer system, the analog circuit

presented a solution with the simpler implemcntation and debugging requirements.

Fig. 12 presents a block d;agram of one channel of tﬂé.analog circuitry.
(The detailed electronic circuit diagram is presented in Appendix C.)
Influence coefficients (bij) were input using precision 10-turn potentiometers
with graduated dials. The resulting signals were summed using a standard
op-amp inverting-summer-circuit. The force signals were displayed on
digital panel meters in engineering units (1bf). An analog dividing circuit
allowed display of force ratios. Finally, any recording was done with a

multichannel strip chart recorder.
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Fig.>13 shows the prototype signal processing system. This analog

i circuitry performed its function in a satisfactory way. Thé system maintained
accuracies within #1% of full scaie indications. Transducer calibrations
were perfbrmed using the same voltage indication as used for force display.
Therefore, any system errors were eliminated i., the system calibration
technique. A production circuit of similar'dasign would operate well if

the intended system function were farce and force ratio display alone.

ks

6-4 : /4 DVANZED MECHANICAL TECHROLOGY. INC ,
, .




—

(S

FIGURE 13:

PROTOTYPE ANALOG SIGNAL

PROCESSING SYSTEM

6-5

DVANCED MECHANICAL TECHNOLOGY.INC

e h ik 4e e




7. TRANSDUCER TESTING RESULTS

The transducer prototype was tested using three separate techniques.

‘These included:

a. Static calibration and testing
b. Measurement »f dynamic output during actual machining operations
c. Comparison with a research lathe dynamometer during machining

operations,

The first of these techniques was used to determine quantitative
performance by measuring sensitivity, linearity and stability. The second
and third techniques were employed to give a qualitative view of transducer

performance and not to study specific dynamic characteristics.

7.1 Static Calibration Procedure

‘In order to determine the vélues for the influence coefficients for
the actual transducer, a static calibration technique was used. Weights
hanging from flexible connecﬁions were used to apply the horizontal, vertical
and axial forces. A test fixture was constructed which simulated the
application of cutting forces at a cutting point. This fixture is shown
in Fig. 14. Tt was constructed so that three tapped holes aligned in
the horizontal, vertical and axial directions passed through a single point.
When attached to the toolholder, this point coincided with the top of the

cutting tool.

The toolholder was then mounted in a secure position and leveled in

the proper orientation, as pictured in Fig. 15. A known weight was hung
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from an eyelet screwed into the proper fixture hole. The application of

this test weight resulted in outputs from the three bridges, mcasured
using the signal processing "black box". The outputs were recorded and the

procedure repeated for the other two directions.

This proccedure generated a set of nine numbers which related three
force inputs to three bridge outputs. By dividing these recorded values

by the mecasured weight of the test weight, a set of numbers resulted

which corresponded to the Bij values in the equation.

F bir biz2 bis r A
P o

Fq = b2:1 b2z bzs V2
Fr bz b3z b3z Vs

Using a programmable calculator, we can invert the B matrix and arrive
at the set of influence coefficients described in Equation 4.4. -These
coefficients were then set on the appropriate potentiometers of the Analog
Signal Processing System shown in Figure 14. Values were checked for
accuracy by recalibrating with the dead weights and observing the resultant

forces displayed on the signal processer.

This procedure proved to be adequate for these testing purposes.
In addition, it promises to be an excellent, easily performed calibration

procedure for production transducers.

7.2 Measured Performance during Static Testing

Table 3 and Fig, 16 show the results of static testing performed on

the instrumented toolholder prototype using Configuration B of Sec. 4.,1.2.
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Vertical Horizontal Axial

Sensitivity (mV/1b) ' 19.4 19.6 35.2

Linearity (% FS) 1.2 1.2 3.7
Drift (mV, RTO) ’ 0 0 20 max

i i
Excitation Voltage (Q) 5 5 v 3.5 i
Gain (V/V) ‘ 2000 2000 1000
Strain Gage Type | Foil Foil | Semiconductor
Cage Factor 2.01 - 2,01 100

TABLE 3: MEASURED PERFORMANCE - STATIC TESTING
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FIGURE 16: RESULTS OF STATIC

CALIBRATION TESTING
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The deﬁermiﬁation of influence coefficients was performed with three‘different
calibration weights (22, 60, 82 1b). Since the weigﬁt could be fead only

to the nearest pound, suitable accuracy could be obtained only using the
highest weight (82 1b). Tests performed at lower weights confirmed the

inaccuracies expected from display uncertainties.

The data plottéd on Fig. 16 show; the linearity and zero shift of the
instrument. As expected, the vert{cal and horizontal channels showed
acceptable linearity and stability. However, the axial channel constructed
with semiconductor gages revealed a léck of linearity and thermal stability
even when long settling times were allo&ed. These results are compatible
with all other qualitative observations o2 this semiconductor strain gage

application,

7.3 Discussion of Results of Static Testing

7.3.1 Configuration A

The major technical problem enccnnfered in this program involved the
linearity and stability of the é*ial-forée component due to the semi-conductor
strain gage bridge. The first prototype éonstructed used two P-type (positive
gage factor) and two N-type (negative gage factor) semiconductor strain gages
as shown in Fig 7a. This arrangement provided e#cellent strain sensitivity.
However, as alluded to in a previous section, this arrangement showed poor
thermal stability. A brief look at the characteristics of semiconductor

strain gages will reveal the reasons for this thermal drift.

Fig. 17 shows the relationships for gage factor and temperature

coefficient of resistance versus temperature for P-type and K-type dopi-gs.
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As is apparent,these vary significantly over small temperature changes.

So, for a smallitemperature change the N-type and P-type gages will change
dlfferently, reﬁultlng in a bridge unbalance and large apparent strain. In
addltlon, P-type characteristics do not allow these gages to be self;coﬁpen-
sated to particular materials (In the case of N-type gages, doping character-
istics permit self-temperature—compensation.). Thus, P-type and N—t?éé

gages cannot be used in the same bridge where any even miniscule temperature

variations occur.

7.3.2 Configuration B

The second gage configuration, seen in Fig 7b, employed four K-type
self-corpensated strain gages.. Two were mounted in the axial directioa and
two were mounted perpendicular to the axis to provide further bridge
temperature compensation. As an initial check of thermal stability, this
bridge was excited and the output recorded over a period of time. It was
found that, as the room temperature changed by about 12°f, the bridge
became unbalanced by -roughly 100 mV. With a bridge sensitivity of 32 mv/1b,
the net thermal error in terms of force was .251b/°F. Thus for the large
temperature excursions expected in machininé operations (V100°F), we should
expect thermal errors on the order of thé total force indication (25 1b).
Since self-compensated gages and a se1f~compénsated bridge configuration
were used, .it is not apparent what caused such large thermal drift. A
possible source is dissimilar bonding conditions for each gage. Howg?er,
the net effect of the errors was to produce an unacceptéble axial component

measurement.,
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7.4 Measurement of Forces in Turning Operations

7.3.3 Configuration C

The limits of time and capital did not allow the construction of a
prototype of Configﬁration C. However, in order to investigate the feasibility
of gsing high-resistance strain gages gt‘excitation voltages, a simple_test
piece was constructed. Several different bridge configurations were
mounted on a 1 x 1-1/8 in block of ;teel. Weights were hung in a fashion
identical to techniques described in Sec. 7.1. As expected, the bridges
yielded outputs linear with weight. The output showed reasonable stability
with 15 VDC excitation voltage applied to gages with 5KQ? nominal impedance.
However, the feasibility of this strategy in an actual trén;ducer must.ﬂé

determined in a later phase of work.

The prototype instrumented toolholder was tested in two separate turning
operations: in a standard lathe at AMTI and in parallel measurements with
a Cook research lathe dynamometer in the Materials Processing Laboratory at
the Massachusetts Institute of Technology. Both sets of tests were intended
to provide verilication of the functionality of the transducer, not to
proQide a detailed study of the instrument's dyn;mic characteristics. 1In
all of phese tests the axial force channel was not used, since excessive
thermal drift obscured the signal and introduced significant error into the
other two channels. Figé. 18-20 provide two-channel traces recorded by
strip chart in a number of cutting conditions. The instrument provided
voltage outputs relatively free from extraneous electrical noise. In theA’
AMTTI tests, both vertical and horizontal channels sho&ed gobd zero stability

even in high-load, high-heat generation cases.
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FIGURE 18: RECORDED OUTPUT OF VERTICAL
AND HORIZONTAL CHANNELS DURING
LATHE OPERATION AT AMTI
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FIGURE 19: RECORDED OUTPUT OF VERTICAL AND HORIZONTAL

VCHANNELS DURING LATHE OPERATION AT AMTI
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The MIT tests}shown in Fig. 20 were performed by making a similar cut
(holding surface speed, horizontal fled and depth-of-cut) on the same stock
|

in two different sktuations: one with the instrumented toolholder mounted

in a standard tool post; one with an identical toolholder mounted .in a

,researchllathe dynamometer. As Fig. 20 shows, the two outputs reveal similar

ffeqﬁency characteristics and force levels. In addition, the force ratio
Fq/Fp, a characteristic tool wear parameter, is roughly the same for the -
two caées. So, without regarding the detailed traces, the tests show that
the instrument provides vertiecal and horizontal force indication with

clarity and accuracy comparable to a research dynamometer.
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NP ' » 8.  ADVANCED SIGNAL PROCESSING

RO

In general, the Instrumented Toolholder System generates three signals
from three strain gage bridges. The external system must perform several
. operations on them in order to generate system outputs which indicate three

force components. These functions include

a. amplifying signals to useful levels .
b. multiplying signals by the influence coefficients and summing
products in order to obtain force indication

c. generating an output necessary for direct or indirect observation

of cutting forces.

These functions are common to any Instrumented Toolholder application.
At this point several system options can be identified in order to provide
input to a range of applications. At least three system options are apparent

at the present time. These include:

a. a stand-alone analog signal processing system which provides an
operator with forcé indication and tool wear/failure indication

b. a stand~alone microprocessor-based system which provides more
sophisticated functions for an individual operator. These functions
would be determined in a later research phase,

c. A subsystem which would provide signal input to a microprocessor-

based computer-numeric-control (CNC) system.

Let us now consider these three options in more detail. Option (a)

is the simplest, least expensive and least flexible of the options. Such

g-1 - /4 DVANCED MECHANICAL TECHNOLOGY. INC.
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a stand-alone "black-box" would ‘llow force transducer retrofit to any

lathe able to hold a standard toolholder. The output of this system would

permit inexpensive cutting force experimentation in a small machine shop

or academic community In additlon, significant research (2) (3) has shown

that simple functions of cutting forcos can provide an indication of tool

wear and possibly prediction of tool faiiure. Thus, with this inexpensive

device, an operator can constantly be aware of the state of  his cutting

tool and his margin of safety to"tool failure.

The design of this system option would be very similar to the simple
signal processor used for this Phase I program. It wodld not differ
significantly from‘the system diagram pictured in Fig. 11, 1Its function
would remain the same, i.e., to display the force components derived from

the three transducer signals.

Option (b) provides the mext level of sophistication and capability
to the retrofit user. Such microprocessor capability would afford the user
variable tool condition criteria for different machining environments.
Such a general-purpose.system would be intercharngeahle from machine to
machine, using the same elec;ronic package to service a variety of transducers.
Though a microprocessor-based system seems more complicated aﬁd perhaps
more expensive, the wide variety of electronic compenents available today -
at Jow cost could make the market price extremely .ompetitive with the
analog-only system. Option (b) provides an attractive application for

the emerging series of analog microprocessors"
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Option (E) extends the application of the ITH into the expanding field

of CNC machining. As referenced above, research efforts have shown that
|
low-cost cutting force component measurement provides one of the most

: | .
promising schemes foi wmonitoring tool wear, tocl failure prediction and even

optimization of'cutting processes (4). The ITH provides such a low-cost
force measurement technique which is readily interfaced to any computer-based
j numerical control system. This system is a straight-forward application of

current data acquisition techniques which present no particular implementation

PO,

difficulties. The frequency characteristics and response speed of
machine tool operations (V100 Hz) present no problem to standérd data
acquisition circuitry. In fact, toolholder vibrations (V5-15 KHz) 1 be
tracked with standard high-speed data acquisition techniques. 1In short,

there are no foreseen barriers to the implementation of option (c) given

standard, off-the-shelf microprocessor ccmponents.

The design of options (b) and (c) would be very similar. Each would
pussess the general requirements ocutlined in Fig. 21. 1In bricf, this system
would require all the usual strain gage signal conditioning circuitry. "n
addition, the three signals must be converted to digital form and relayed
to the host microprocessér system. Once within the microprocessor, the
information can be displayed for local use or stored for future use. In
the stand-alone version, the only function of the computer is to perform
the basic data manipulation: and to display results. In the case of CNC
system interface, this information must be transferred to the host édmputér

via a communicator bus.
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9. CONCLUSIONS

The major conclusions of this Phase I program are as follows:

1.

An analytical model was developed which accurately predicts the

magnitude of strain signals on an instrumented toolholder

A standard toolholder can be instrumented to provide accurate
force signals in horizontal and vertical plane. Additional

work is required to measure axial force.

Matrix methods for reducing mechanical crosstalk from one force
to another are effective. The prototype signal processing

scheme demonstrated this result.

Additional research is required to create a three axis
instrumented toolholder and to interpret the force signals

so that they are useable in an adaptive control schenme.
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APPENDIX A

DETAILED .ANALYTICAL MODEL OF INSTRUMENTED TOOLHOLDER
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‘Figure A.1 shows one method of locating gages to optimize sensitivity
and minimize crosstalk. In this appendix we ahall present the details of an
‘// : analytical model for predicting the output of ‘these strain gages wired

in a four-arm-bridge configuration.

We shall begin by modeling this toolholder as a cantilever beam
clamped a distance L from the cutting point. This beam experiences a force
whose components Fp’ Fq and Fr act at a point with coordinates x = a and y = ¢.

We begin the analysis by writing expressions for the moments about each

axis as

=
]

F1+Fa
P r

=
f

=Fc-F1 . A-1
r q
M =Fc~TFa.
P q
For each gage site we can write

MY M X F
X n y'n x

: *n “EI_ T EL_ " EA A-2
. x Yy csx
where:
Xn’ Yn ® X, y coordinates of each gage

I , I =  moments of Znertia

xx©yy
E = modulﬁs of elasticity
Acsx .= crosssectional area of the bean
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The first two terms on the right-hand-side are the strains due to

bending moments and the third term is compressive strain due to the axial

force F_.
r
. Substituting Equations A-1 into A-2, we find
. . . (F1+Fay, . (Fe - F 1x, A i
n EI EI EA
XX yy. csx

! ~

Rearranging, we arrive at an expression relating each strain to the

three force components.

lyn —lxn ay_ ex 1
“TE_ Bt Rt\E - e m )Fr A4
xx yy xx Yy csx

Now, -by choosing gage sites and toolholder-goemetry, we can substitute
these values into Eq. A-4 and arrive at expressions relating strain at a
point to’ three force components. As our example, we shall choose the case
illustrated in Fig. A-2. There, we have twelve gages located on the sides

and top of the toolholder. In this case, we have

h5

p P
Pl ofre

I
yy

Substituting the values for x-y coordinates into Eq. A-4, we arrive at

the following matrix expression:

A-3 : ﬂ DVANCED MECHANICAL TECHNOLOGY. INC.




g

[ e— ko §

' Vout,l ' ' Vout,z ‘

BRIPGE BRISGE

iz 9 12

\/ouf,3 ‘

BRIDGE
3
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I : FOR GAGE POSITIONS PICTURED IN

FIG. A-1.
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| These twelve strain gages can be wired together in three Wheat-
stoné bridges as shown in Fig. A-2. An analysis of this Eridge
i configuration shows that, for small strains, the bridge outputs are
slightly non-linear with errors on the order of (1/2 82’. Since
the étréins are extremely small (010 %), the nonlinearities become

exceedingly negligible for any engineering purposes. Output from

. .  these bridges can be written
v <

Vi = b, (S:e3 + 5282 — SsEs — SgEg)
-

Vy = Vbz (S3e€3 + Syey — Sy7e7 — SgEg) A-7
4

<

bs  (Seeg + Si1p€1y ~ S11€11 ~ S12€12)
4

Vs

where $;-5;, are the twelve gage factors and Vbx_vb are bridge excitation
3

voltages.

Eq. A-6.and A-7 can be combined to yield a result of the form

v F
! P
. v = B1 | F ' A-8
3 2 { q
Vs F_
N . . L "

Eq. A-8, then, is a matrix representation relating three bridge outputs
to three force inputs. If one were to premultiply both sides of A-8

by [B]"!, one would obtain

[Fl=18171 V] . A9

o ' ' A-6 /40m~cso MECHANICAL TECHNOLOGY. INL
i . VANCED MECHANICAL TECHNOLOGY. N,

T

[T

e
e et

-
L
3
3]
£
4
4 4
£

3

ey i -

T ST

ISP T S v

[




\\

APPENDIX B

- ‘ LISTING OF COMPUTER CODING OF

ANALYTICAL MODEL
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Errtmceitgt e

00010. CXx¥XTHIS SUBROUTINE CALCULATES THE INFLUENCE MATRIX

00020 SURROUTINE AIJ

00030 COMMON /INFMAT/AMATEX

00040 COMMON/GEOM/HrLyEsAyCoE

00050 COMMON/GAGPOS/XIyXEsY3yY4:X5,XéyY?yYS;Y?rYlO

OOQQQ__Lﬂm_HBEﬁg»L{ﬁMATRX(10y3)

00070 AMATRX (1, 1) =—g X[/ — = — = — e

20080 AMATRX(192)==~12,XLXX1/ (EXR) oo
__“QQQZO_an.,.ﬂNﬂTﬁxfl'32?(féz*ﬁ*Hl+‘12-*C*X1{5§*3)??1'Q

001190 AHATRXC(2y 1) =AMATRX (15 1)

00120 GRATRA(292)=-12, XL%XX2/ (EXE)
__QgggguuhV__ﬂanangggiggfgjéi*A*H>+<12.*c*x2/<B*B)>—1.0

00140 ANATRX(3y 1) ==12 KLY/ (HyH) 7 =i T

00154 AMATRX(3,2) =4, XL /R
h‘Qplﬁgm___m_“arZIRX(313)=(f12.*ﬁ*YS/(H*H))+(¢,*C/B)—1.0

00170 GMATRX (45 1)=-12,XLXY4/ {HXH) ' ST

00180 ANATRX (45 2)=AMATRX (3, 2)
_~9912Q*““__m_93§fBXfﬁ13{;ijlﬁ.*ﬁ*Y4/(H*H))+(6*C/H)—1.O

00200 o ANGTRX (G 1) =~AMATRX (191) T e e

00210 AMATRX (59 2)=-12, XLXX5/ (BXE)

_qgggg_“_““_>AﬁATRX(5,3)z(6.*A/H>+<12.*c*x5/<B*B>)—1.0
00230 QAHETﬁXYZ;iSEANATRX(55f)"'”m"_“"”"”'"m”*'m T T T
00240 AMATRX (612)=—12, XLXX6/ ( BXR)

00250 AMATRX(6r3)=(6 KA/HI (12, XCXXS/ (EKE))-1.0
-*56536—“*_~“~§Hé?ﬁ277717§:3§7}E¥Y77(HXH)“__“ -

00270 AMATRX (75 2) =~AMATRX (3,2)

~m99239___“HW_AMATRX(7,3>=<—12.*A*Y7)~(6.*C/B)—1.o
00290 AMATRX(By 1)==12, KLXYE/ (HxH) ~ ~ 0 e o T T
00300 AMATRX (81 2)=AMATRX (7,2)
00310 AMATRX (87 3)=(~12.XAXY8) ~ (4. XC/R)-1.0
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0320 T T AMATRX (97 1) =—12  XLAYS/ (HXH)

00330 AMATRX (952 =AMATRX(352) ‘

- 00340 AMATRX (9 3)=(=12 XAXYF/ (HXH) )+ (6 . ¥C/B)-1.0 ‘
00350 7T T AMATRX (10, 1) =—12,XLXYL10/ (HXH)Y . T
00340 AMATRX (105 2)=—AMATRX(2y2)

00370 AMATRX (109 3)=(~12,¥AXY10/ (HXH) )~ (&£ XC/K)~1.0

700380 TXX¥MULTIFLY EY COMMON TERM T T
00390 L0 50 I=1+10

00400 00 50 J=1,3

00410 T AMATRX(ILyJ)=AMATRX(IsJ)/(EXEXH)

00420 S50 CONTINUE

00430 RETURN
©0440 T TEND T oo ST Thommon e n
00450 CAEXTHIS MAINLINE SIMFLY CALCULATES STRAINS FROM INFUTS

- 00460 REAL Lr»AMATRX(1053)sFORCE(3) SThﬁIN(10)anTN(oyZ);UA(K)va(3)

00462 7 REAL S(10)yVEROUT(3)

00480 Cxx% AND QUTFUTS RESULTS.

00490 REAL L

00500 T T T NAMELIST/GEOMIN/HeLyBEyAYCHE: Xin.Z!Y..‘nYd» X55Xbe Y7 YB8yYP¥Y10
00510 NAMELIST/FORCES/FGRCE/GFACTR/S/FPOTSET/ATTN/GAINS/HL y H2 v k3

- 00520 NAMELIST/BRINGE/VEROUT yVRLINs VE2INyUR3IN
00530~ NAMELIST/OUTDAT/AMATRX,STRAIN T T
00540 COMMON /INFMAT/AMATRX
005G 5( COMMON/GEOM/HrLyByAsCyE
00560 COMMONZGAGFDS/XT s X2y Y3y Y4 XSe X6 Y7, Y8 YOy YIO T 77—~
00562 COMMUN/VRATU/STRAINYS

”oodso CX¥XREAD INFUT DATA FROM FILE 10
00582 CUWRITE(6:8888) - -

00584 £888 FORMAT(‘ FLEASE ADVANCE FAFER TO TOF OF NEXT FAGE..+sees”)
00586 READ(S, 8889 ) ALUMMY '
\
\
\\ B_2
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00590
00600

00588

B83889 FORMAT(1A1)
10 CONTINUE
READ(10»GEOMINyEND=500)

004610
00615
00620
00630
00640
00650
00660
00670
__ 00680

00650
00700
__ 00710
00720
00730
00740

READC10+GEOMINY
REALC(10,GEOMIND
READCIO»FORCES)
READR(10+GFACTR)
REATI(10yFOTSET)
READ(10,GAINS)
REALDC(10. ERILGE)
CEXXDETERMINE INFLUENCE MATRIX
_CALL ALY
CXXXZERO STRAIN MATRIX
oo 50 I=1+10
S50 STRAIN(I)»=0.0 - ) o o
CXYKXCALCULATE STRAINS
0o i00 I=14s10
_ DO 100 JU=1+3

00750
00760
00770

00780

00790
00800

100 CONTINUEZ
CXXXCALCULATE RAIDGE OUTFUTS
© VBROUT(1)=VELINX (URAT(1y5)-URAT(6y2))
VBROUT (Z)=VE2INXK(VURAT(3+8)~VUikai(7s4))

00810
00820

00850
00860

STRAINCI ) =STRAINCI)FAMATRX (I'» I XFORCE (3777 7~

VERBUT (3)=UB3INX( (1, /(2.+S(10)*STRAIN(10)))—(1 +S(9)*STRAIN(9))

1/7(2.+S (P XSTRAINISYYY
VA(1)=VEROUT (1) %xH1
VA(2)=VEROUT (2)%H2
VA(3)=VRROUT(3)%H3 7~
CXx¥XZERD OUTFUT MATRIX

[0 700 J=1+3
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00870 700 VE(1)=0.00000" "~ e
00880 CXXXCAL.CULATE VOLTAGE OQUTFUITS
- 00890 DD 800 I=1i:3
00900 00 800 J=1,y3 T T Tt Tmomomn o mmmmmmm I s e T
- 00910 UF (T)=UF (1)+VA (I XATTNC(I 7 J)
00920 800 CONTINUE
T 00930 CHXKOUTFUT RESULTS™ T T T Tt
00932 WRITE(&19999)
00940 WRITE(S»GEOMIND
. _ 00950 T T TWRITE(ASFORCESY T T T T o )
N 009460 WRITE (&6 FOTSET)
00970 WRITE(&sBRIDGE)
TT00980° 0 WRITE(SYGAINSY ~ T e e e -
00982 WRITE(&,2222)
00984 CWRITE(6+,2222)
66990 " " WRITE(6,10007 "™ = U
01000 WRITE(S»1001 ) C(STHRAINCI) s AMATRX (I 1) s AMATRX (I v 2) y AMATRX (19 3) s FORC
01010 1CIY)sI=1+3)
01020 TURITEC(E Y1002 TCSTRATNCD) s AMATRX (I y 1YY AMATRX (I y 2) yAMATRX (T y3)) 2 T=2
01030 110} :
01040 WRITE(S,2222)
TT01050 T WRITE(S 100y T T T T T T T e e e e e m e e e
01060 WRITE(6s1001) CCUFCI) s ATTNCI+1) s ATTNCI »2) yATTNCI #3) yVACTI) ) yI=193)
.y 01062 WRITE(6,9999)
‘ 01064 9999 FORMAT(9(/ ) , _ -
: 01070 1000 FORMAT(T8s STRAINS’»T30y INFLUENCE MATRIX'»T65s FORCES’//)
. 01080 1001 FORMAT(T7sE9.3sT23yEP.3+2XrEF 3y 2XrEP.3sT65sF641)
TT01090 1002 FORMAT(T79ES.3sTR3yEQ.3+2XyEP.352XyEQV3Y T
01100 2222 FORMAT(2(/))
01110 1500 FORMAT(T8s ‘SYSTEM OUTFUTS’»T30y/FOT SETTINGS’ s T65s “AMF. OQUTFUTS”:
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01120 60 TO 10 T T s e
01130 - 500 CONTINUE
01140 STOF
- rreg e VO
01160 FUNCTION URAT(IyJ
- 01170 COMMON/VRATU/STRAINC10) yS(10)
- Tolivze T T
01177 © URAT=URDUM
01180 RETURN
01190 T 7T ENn T B o
ENI' OF DATA
|
{
¥
t \ B-5

VRDUM=CT 45 CIHSTRAINCI Y)Y /(2,45 (I XSTRATINCI) +ECIIRSTRAINCIY Y ™
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APPENDIX C

TABULATION OF ANALYTICAL RESULTS
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LSl X [

2
. , STRAINS INFLUENCE MATRIX FORCES
0.102E-03 -+104E-05 0.145E-06 ~.3465E~04 -100,00
__0.893E-04 -.104E-05 -,145E-06 -—.287E-06 50.00
—.335E-04 T IVIA5ET06 T <L 104E-05T0JIS3ET0S T T T A5,007
-.4609E-04 0.145E~06 —.104E~05 0.218E-06
-106E-03 0.104E-05 —.,145E-06 0.180E-06
~ . 939E-04 0 104E=05 0V145E-06 0.102E-03
0.289E-04 0.145E-06 ©.104E-05 ~.338E-06
-+ 0.563E-04 ~.145E-06 0.104E-05 ~-,403E-06
| CT0LV334E-05 T T T TS S36E=06 T~ 104E-05 T0.646E=07 T
-.978E-04 0.536E-0& =.104E~05 0.304E-06
. - 797E-05 0.536E-06 0.104E-05 -.250E~-06
( 0.932E-04 TUS3GES06 T 0 104E-057 TUA91ET04 T -
-+209E-01 0.0 -, 470E-02 ‘
E~-MATRIXS 0.0 ~R209E-01  0.S560E-02
0.0 7 O 0 T TR 324ES01 T -
. F(CALD) E—-INVERSE BRIDGE OQUTFUT ‘
-100,00 -~ 479E+02 0.0 0.694E4+01 1.972
50.00 0.0 TVAVOE+F0R2 T 827E+0T 0,905 ‘
. 25.00 0.0 0.0 ~.309E4+02 -0.810
N
§
! c-1
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o————",

—y

_ _STRAINS

0.102E-03

O 0.893E=04 T

~e335E-04
 —.409E-04

~ 1066503

- 939E-04
0.289E-04

T 0LVSs3ES0G T

0.334E-05
~.150E-04

0.1A2E-04

TTTB-MATRIXT o
0

= 797E-05 T

___F(CALD)

-106.00

30.00

25,00

~+104E-05

-+ 145E-06
0.145E-06
'0.,104E-05
0.,104E-05
0.145E~-06

—eO36E-06
0.270E-04
0.536E-06
—+270E-06

S =V145E506

INFLUENCE MATRIX

0.145E-06

—-+104E-05
~+104E-05

= 145E-06

0.145E-06
0.104E-05

=+v104E-05
0.226E-06
0.104E-05
=~ 226E-06

0.0

. m R209E-017 T 0.540E=02

0.0

0.104E~-05

~+365E-06

CTVI04ES05T TEUTASER06 T T, 28 ES04

0.153E-04
0.218E-06
T C.180E-06
0.102E-06
~+338E-06
— 403E-06 T T
0.646E~07 '
0.241E~-07
"’0 ._SOE"Oé
0.241E~-07

- 470E-02

-+ 235E~-01

o B-INVERSE
—V479E+02 0.0

0.0 -0479E+02

0.0

6.0

LT AUSE+OR

FORCES

=100.00

~="20.00 “ - -

25.00

0.9576401 - - -
—+«114E402

BRIDGE OUTF
10972 T
-0.905

ur
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§
STRAINS INFLUENCE MATRIX FORCES
0.102E-03 ~¢104E-05  0.145E-06 -,365E-06 ~100,00
0.893E-04 ~+104E-05 -,145E-06 -.287E-06 50.00
- 335E-04 ~+145E-06 -,104E-05  0.153E-06 _...2%,00
=L 609E-04 0.14%E-04 = 1N4E-05 0.21BE-04
-+ 104E-03 0.104E=05 ~,145E-06 0.180E-06
ZeP39E-04  0,104E-0S  0,145E-06 0.102E-06 ) )
0.289E-04 0.145E-06  0.104E~05 -,338E-04
0.563E-04 ~v145E-06 0.104E-05 ~,403E-06
_0.338E-05 SIO36E-06  =.104E-05 0.646E-07 B
~+150E-04 270E-06 0.226E~06 0.241E<07 .
~ . 797E-05 0. 550k 0.104E-05 ~,250E-06
~O:162E-04 | -e270E-06 -,226E-06 0.241E- o7 .
YRO9E-0T 00T T TS 470E03 T
B-MATRIX! 0.0 ~+209E~01 0.,560E-02
0.0 w~__gw o -+ 204E-01 B o
1
F(CALDY T TTTTECINVERSE BRIDGE OUTRFUT ~
~100.00 - 479E402 0.0 0.110E+02 1,972
K 90,00 0.0  -,479E+02 -+131E+02 - -0.905
25,00 6.0 “T0.0 = 4905402 T T T T zg lgq0
{
|
I
! c-3
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