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Abstract

A new compensating gauge method has been developed for the elimination of force interactions in multicomponent strain-gauge dyna-
mometers at inner-bridge level so that force components may be read independently from each other. Theoretical analyses as well as verifying
experiments have been carried out. Good agreement between theoretical and experimental results is seen and the effectiveness of the new

method is verified.
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1. Introduction

The outputs of a properly desi gned strain-gauge multicom-
ponent force sensor are linear functions of the force compo-
nents:

u,-=ik,}-}j- (1)

j=1
or in a matrix form
U=KF (2)

Ideally, K should be a diagonal matrix, which means the
sensor is interaction-free and force components may be
directly read or used for feedback controlling purpose. How-
ever, by reviewing the present literature it may be found that
because of unavoidable manufacturing errors, it is very dif-
ficult, if not impossible, to eliminate the interaction in com-
mon designs even if very sophisticated structures are adopted
[1]. It has been a common practice that force components
are calculated from the outputs using the inverse matrix
A=K"!'[2-7]:

F=AU @)
or
=Y au j=1,2, ..n 4

i=1
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The calculation defined by Egs. (3) or (4) may be done by
a modern computer within an extremely short time or by a
specially designed signal-processing circuit [8]. However, it
should be noticed that both hardware and software methods
belong to data-processing techniques rather than improve-
ments of the performance of sensors and, what is more impor-
tant, fulfilling the calculation is based on the whole set of
sensor outputs {u;} (see Eq. (4)). If one or several compo-
nents of {u,} are unavailable due to certain particular restric-
tions, for example, restrictions from fabrication techniques to
micro-force-sensor development [9] and structure restric-
tions to some special kinds of force-sensor development
[ 101, the calculation cannot be done.

With a view to eliminating the interactions of each bridge
independently, we have developed a new method, the com-
pensating-gauge method, which is described here.

2. The principle of the compensating-gauge method |

Fig. 1 shows the principle of the compensating-gauge
method. f; are interacting force components and B; is the

3
AR;;
% = B
¥ ¥
AU; AUz
Fig. 1. Nlustration of principle of the Compensating gange method i=1-n_
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Fig. 2. Incorporation of compensating gauge in a measuring bridge.

measuring bridge for the jth force component f;. Under the
ith interacting force component f;, B; will yield an interaction
output AU;; as shown in the Figure. To eliminate AU;;, a
compensating gauge R;;, the output of which is designed to
be sensitive to f;, is incorporated into B;. The resistance incre-
ment of the compensating gauge due to f;, AR}, will then
cause a corresponding output of the bridge, AU} If AU} is
made in such a way that its sign is opposite to, and its mag-
nitude the same as that of A Uy, the interaction output will be
fully offset at inner-bridge level. -

Fig. 2 shows the manner in which the compensating gauge
ARY; is incorporated into the jth bridge, B;, where R}-R} are
arm gauges, 74 is a constant resistance, the function of which
is to adjust the intensity of the compensation, and 7} is another
constant resistance, the function of which is to keep the com-
pensated bridge in a balanced state when the sensor is load-
free. The subscript / indicates the number of the arm in which
the compensating gauge is located (here /=1). The resis-
tance increment of the compensated arm due to f; is (for
derivation, see Appendix A):

2 iz
R R+ry
¥ (2R+ﬁ;) AR"+(2R+:‘,; AR; ()

where AR} and AR, are resistance increments of Rf; and R},

respectively, and R is the magnitude of the resistance of the
gauges. Rearranging Eq. (5), we have

8Ri;= (1+X})AR}; (6)

where

Yo (AR /AR))R*— (3R+2r))R 7
' (2R+1})?

is defined at the compensating intensity. The output of the
compensated bridge is

U

SU;'Z oy
4R

[ i(“U““%H-UHmﬂ (8)

k=1,k+I

Substituting Eq. (6) into Eq. (8), we can separate the com-

pensated output into two parts, the original output and the

compensating output, as shown by the following equation:
u : k—1 k v -1

8U;= iR ¥ (==L} ARF R (- 1) XAR]

k=1

When there is more than one interaction force component,
more compensating gauges should be introduced to eliminate
all the interaction outputs. Following the above procedure,
we can derive the expressions for outputs of a compensated
bridge, in which n-1 compensating gauges are introduced into
its different arms, due to the interacting force components f;:

4 In—1
U= E[Z‘,(—l)‘k“::u'?ii-+ E(—l)"lejaﬁfj]
4R k=1 I=h

In—1
—AU,+ ¥ AU (10)
I=h
Letting 6U;=0, we have

24:(—1)*“AR§+IE(—l]“lX‘}}-ARf',:O (11)

k=1 I=h
i=1l-n,j#i

Substituting Eq. (7) into Eq. (11), we obtain ann — 1 dimen-
sional non-linear equation set with » — 1 adjusting resistances
as the unknowns. The solution of the equation set yieldsn — 1
adjusting resistances rf_’,* The magnitudes of corresponding
balance resistances may then be calculated according to

R2
’f}.:
2R+7

(12)

so that the compensated arm resistance is kept equal to R
when the sensor is load-free.

3. Discussion
3.1. A simple way of implementing the method

As has been noted above, the implementation of the new
method involves the problem of solving a multivariable non-
linear. equation set. It is commonly known that, with few
exceptions, a direct solution of a non-linear equation set is
impossible. When numerical methods are used it is usually
not easy to discuss or examine the convergence of the solution
[11]. This problem could become a hindrance in the appli-
cation of the new method.

However, it may be seen from Eq. (7) that, if the ratios of
the resistance increments of a specific compensating gauge,
aj;= AR}/ AR}, under different interaction force components
are the same, the compensating intensity will be independent
of the index i. Taking n— 1 compensating intensities as the
unknowns, we can first solve equation set (11), which is

-
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linear, to obtain n— 1 expected compensating intensities, X S
and then calculate the corresponding n—1 adjusting resis-
tances, 7§, from Eq. (7). Thus, the problem of solving a non-
linear equation set is avoided.

In practice, the simplest way of making the resistance
increment ratios af; equal is taking a constant resistance of
magnitude R to replace the compensating gauge. In such a
way all the ratios aj;, i = 1-n, are the same and equal to zero.
The compensating intensity is then only dependent on rj; as
shown by the following equation:

__ (BR+2%)R
% (2R+1%)? (13)

Conversely, when the expected compensating intensity X/, is
known, the corresponding adjusting resistance is given by

= (2XF+ 1) - (14X7)12
= 5

J

ry

J

(14)

Besides simplicity in calculation, another advantage of this
simple implementation is that no compensating gauges are
required. This will be very important when a compact sensor
is to be developed where there is inadequate room for the
gauges.

3.2. Influence of compensating gauge on bridge sensitivity
Evidently incorporation of compensating gauges into a

bridge, B;, will also influence its output due to the jth force
component f;. Following Egs. (10) and (7), we have

U 4 1 In—1

iI=h

T
=AU;+ Y AU; (15)
I=h
where
REJAR)R*— (3R+214
Xf.-: (AR;/AR)R (32 2r;)R (16)
(2R+15)

From these equations, we can see that the additional output
due to the introduction of the compensating gauges SA U,
may be determined when the magnitude of the adjusting
resistance 7§ and the ratio aj;= AR’; /AR, are known.
Defining A} = A U,/ A Uj; as the sensitivity attenuation coef-

ficient, we have

N D) TAR) (17)
J

Z(‘ DH*'A i

k=1
and

In—1
SUﬁ=(]+ EA})AUH (18)

I=n
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Fig. 3. Dependence of sensitivity attenuation coefficient on adjusting resis-
tance.

Suppose that the contributions of the resistance increments
of four arm gauges to the output are the same, that is,

(-1)""'AR,= )f:(—n*—'aR;:,. (19)
k=1

N

we can plot A} against 74 and the ratio &; as shown in Fig, 3.
It is apparent that, with the same 74, a larger value of o,
corresponds to a lower sensitivity attenuation and the effect
of aj; on A} is remarkably significant when the value of 7% is
small. Therefore 7 and af; should be made large in designing
the compensating gauge.

4. Experimental verification

A three-component turning sensor was designed to verify
the above concepts (see Appendix B). Each measuring
bridge was composed of four arm gauges. Six compensating
gauges were also designed for later use. Constant load (300
N dead weights) were applied to the sensor in the three
directions of F,, F,, F,, which are perpendicular to each other
and represent the feed, thrust and cutting force components,
respectively. The outputs from the three original measuring
bridges were recorded and are listed in Table 1. It can be seen

Table 1
Original outputs from the measuring bridges. Excitation input voltage to the
bridges, U=5V

Applied load (N) Output of measuring bridge (V)

F, F, F. AU., AU, AU.,
300 0 0 1804 32 50
0 300 0 21 1121 32
0 0 300 -54 -32 1657
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that the interactions are of the order of 2-3%, which could
lead to measuring errors as high as 5% if they are not con-

For the purpose of compensating the interaction outputs
using the new method, the resistance increments of all the

data were analysed and the locations of the six compensating
gauges were determined. Table 2 lists the results,
Substituting the data from Table 2 into Egs. (7) and (11 ¥
we obtain three two-dimensional non-linear €quation sets. A
numerical method was developed for the solution of the equa-
tion sets so that the magnitudes of the six adjusting resistances
are obtained as listed in Table 3. After the adjusting resis-
tances were determined, the sensitivity attenuation coeffi-

culations with those from the experiments,

Experiments were also carried out to verify the simple
implementation of the new method. Three linear equation
sets were established by substituting the data from Table 2
into Eq. (11), and the six expected compensating intensities
were obtained by solving these equation sets, Corresponding
adjusting resistances were then calculated from Eq. (14).
The compensated outputs were consequently calculated from
Egs. (10) and (15). Table 4 lists the calculated results and

(a) in both cases the calculated and measured results are
quite close (this verifies the correctness of the equations
derived in this paper);

(b) all the interaction outputs are greatly reduced and the
sensitivity reduction is slight (the effectiveness of the new
method is thus verified);

(c) when the Compensating gauges are used, the sensitivity
reduction is less than that when the compensating gauges are
replaced with constant resistances,

5. Conclusions

multicomponent strain-gauge sensor at the inner-bridge leve]
without requiri ng complex structural design and hi gh manu-
facturing precision.

There are two ways of imple:menling the proposed method.
The first is characterized by lower sensiti vity attenuation but
at the expense of a relatively complex calculation procedure.
The second is simple in calculation but its sensitivity atten-
uation is relatively greater.

Table 2

Resistance increments of all gauges and the locations of compensating gauges (original resistan

Resistance increments (107* Q)

Load

*
¥z

AR AR AR,

3
4

AR? A

1
z

AR AR} AR? AR} AR ARX AR A

*
WX

AR} AR

3
x

AR

2
-

A

AR!

110
—-92
108

—130
-85

=112 —108
8 =i
109 -117 —=117

115
—-82
—-120

104
—86
118

—-110
86
- 109

21
—83
115

=52
—86

—-59

<51
90
58

53 48
87 -79
—~58 50

120
-85

—128
87
123 - 124

—-123
9
—-117

128
84
—109

—130
90
11

124
—88
117

"

Ry R
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Table 3

Calculated and measured compensating results: part one (c: calculated; m: measured)

Adjusting resistance (1) Sensitivity attenuation

coefficient (%)

Compensated output (uV)

. , . AL dU., du., du.,

c m C m c m C m
B, 5974 11439 -2.567 -2772 175.7 175.4 0 0.02 0 0.11
B, 4719 34279 -3.564 ~3.849 0 0 117.8 117.4 0 ~0.13
B, 88974 4856 -2975 -3.078 0 0.01 0 0.06 160.8 160.6

Table 4
Calculated and measured compensating results: part 2

Expected compensating intensity

Adjusting resistance ({})

Compensated output (uV)

x5 x5, 7 vl i P 8U., 8U., 8U.,
C m c m C m
B, —0.1086 —0.0101 5563 68567 1751 174.6 0 -0.10 0 09
B, —0.1339 —0.0189 4345 36120 0 0.08 117.4 1172 0 -0.10
B, —-0.0119 -0.1217 57817 4872 0 0.05 0 —0.03 160.4 160.1
Appendix A R\ L \2
R+r R+r,
Let
ituti : i : ields Eqn. (5).
r=R+7 (A1) Substituting Eq. (A1) into Eq. (AS5) yields Eqn. (5)
The original resistance of the arm is
Appendix B
i Rr
Ry= (A2) - ,
R+r As shown in Fig. B1, four shear panels are used as main
The resistance of the arm when f, is applied is elastic elements. Shear strains induced by f, and f, on .Ihe
panels are detected as the measurements of corresponding
R+ARL) (r+ARE
Rl— ( i) (r i) (A3)

" R+ARL+r+AR}
The resistance increment is than

(R+AR})(r+AR;)  Rr
R+AR;+r+AR;  R+r
- 1

R+AR;+r+ARj

5R. =

R .
X [RARz; +rAR,+ARSAR, — R—; (ARL +AR.) ]

1
"~ R+AR,+r+AR%

R2 L r2 -
b.g [— AR{-}- + — AR;+AR§-J,-AR§}] (A4)
R+r R+r

Considering the fact that A R}, and A R} are much smaller than
R, we have

cutting ool

Fig. B1. General view of the design of the catting dysamometer
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force components. A pair of secondary elastic elements with
very low stiffness is designed between the deformation trans-
ferring bar and the fixed base to convert the deformation of
the main elements in the y direction due tof, into shear strains,
which are then detected as the measurement of f,. Compen-

sating gauges R,., R,,. R.. and R, are located on the main

elements and R,, and R,, are on the secondary elements.
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