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Abstract — In calibration of weight pieces, the evaluation of

comparator sensitivity and its associated uncdstabom-
ponent is essential. Yet, there is hot much doctedeguid-
ance on how to assess these values. This paperge®@
procedure for testing, evaluating and optimizingssneom-
parator sensitivity.
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1. INTRODUCTION

When calibrating weight pieces, the difference leetw
the unknown weight and the reference weight isutated
from the indications of the mass comparator displEyis
difference is then used to calculate the conveatiamass of
the unknown weight. For common industrial applicas,
weight pieces are calibrated in Conventional Madsahd
electronic balances and mass comparators alsoatedin
this conventional unit.

The term sensitivity is defined in [2] as “quotiesftthe
change in an indication of a measuring system hadcor-
responding change in a value of a quantity beingsue=d”
[2, 4.12]. We understand that according to thisnitdn the

equation for sensitivity of a mass comparator is
Al

S= 1)

- Am,

with change in indicatiod! and conventional mass of a
sensitivity test weightim, (and not the reciprocal value as

is frequently used, e.g. in [3] and [7]).

The general assumption is that for electronic k=dan
and mass comparators the differeAé¢eof the indications is
equal to the difference in conventional mass.. This
corresponds to a sensitivity equal to 1.

However, there are sources that suggest that shieti
always the case. In earlier days, it was apparersihal that
comparators with an optical scale did not neceysardi-
cate correct mass differences. Therefore weighiyges
including a sensitivity weight (S), for example tbe form
“A — B — B+(S) — A+(S)” are described e.g. in [30B4]
and [1, C.4.1.2]. With these cycles, the sensitiidt deter-
mined in every single weighing cycle.

2REVIEW OF THE LITERATURE

2.1 Testing Procedures for Sensitivity

However, according to some sources in the liteeatar
sensitivity determination is not necessary in eweeyghing
cycle for modern electronic comparators:

"A sensitivity weight is not required if the eleatic
mass comparator that is used has been tested gupth
porting data available) to determine that the bzdamas
sufficient accuracy..." [3, GMP 14]. The uncertaimty
this assumption shall be included as an uncorresysd
tematic error in the uncertainty budget and acddgta
limits are "2 %" [3, SOPS].

* Kaochsiek et al. mention in the German edition ddith
book “Massebestimmung” [4] (translated to English:
“mass determination”), that for a “frequently adpd
electromagnetically compensated balance”, sertsitivi
shall be assumed 1 and an uncertainty ishall be as-
sumed less thab E — 04 or may even be neglected, es-
pecially when using auxiliary weights ...".[4]. Howay

it remains uncleahowto adjust the comparator so that it
fulfills the condition of being “adjusted”, nor atbere
any suggestions as to the accuracy and thus uimtgrta
of the adjustment procedures, nor as to how ofteach
justment must take place to fulfil the requiremehbe-
ing “frequently adjusted”. It is interesting to eahat the
cited numerical value5(E — 04) is omitted in the (later)
English edition of the same book [5].

Chapter C.6.4.2 of [1] requires that an uncertagugn-
ponent for sensitivity be included in the budgetewh
calibrating weights, but no specific guidance igegi on
how to assess its value and especially on howléztsa
proper sensitivity test weight regarding its sizel ats
calibration quality.

In general, there are two ways to treat sensitiatge is
to set a limit andestthe sensitivity error against that limit.
This limit value is considered in the uncertaintydget as an
uncorrected error. The other one is to evaluatamaber for
sensitivity, correct balance readings with thisuealcalcu-
late the uncertainty of it and have this contribistehe un-
certainty budget.

Since mass calibrations involve a significant antcafn
calculations, it is common practice today to useleaist
software spreadsheets or even dedicated softwaréhéo
calculations. If this is the case, the sensitiwlue can
easily be incorporated as a correction in the daficn of



the mass differences and its uncertainty will thentribute
to the uncertainty calculation.

sensitivity test weight is added (“B”), this step repeated
(“B") and finally the test weight is removed (“A”F-rom the

In some commercially available calibration softwarecalibration value of the test weight and the calted, buoy-

(e.g. Scalesnet), a numerical value of sensitiigtydeter-
mined in a separate test for each comparator. Buit$
uncertainty, the uncertainty value given in [4hged for all
cases. Where the mass differefee, between the calibrat-

ancy-corrected difference of indication “B"-"A”, ¢hsensi-
tivity value S is calculated according to (1).

Once this sensitivity value is determined, it maustused
for any further processing of a reading of that pamator.

ed weight and the reference weight becomes latgs, t We assume here that the self-adjustment procedutkeo

might have significant influence on the final comdad cali-
bration uncertainty of the weight piece under td@te ob-
jective of this paper is to answer the question tiwrethis
worst case estimation of a sensitivity uncertaiotys E —
04 is justified.

2.2 Test Weightsfor Sensitivity Testing

There seems to be common understanding that sensiti

ty of mass comparators is tested with a “small” ghei

comparator is run about once a day, so that amyatd-
induced changes (air density, temperature) ana #fégct
on the comparator sensitivity are negligible, tinisans that
the sensitivity of the comparator stays “the samer time,
but will not necessarily be exactly 1.

4UNCERTAINTY OF SENSITIVITY

Given the procedure above and (1) for the calauhagif

Reference [3, SOP 2] mentions a “small weight”, [3,sensitivity, we find the following sources of unenty in

SOP 34] mentions a maximum of 0.5 % of balance dgpa
while [3, GMP 10] mentions a maximum of 1 % of ela
capacity. Obviously no standard method for thecsigle the
sensitivity test weight is available.

3 ASSESSMENT OF SENSITIVITY

The VIM [2] defines adjustment of a measuring syste

as “set of operations carried out on a measurirsgesy so
that it provides prescribed indications correspogdto
given values of a quantity to be measured”

Today’s mass comparators with electromagnetic force
compensation are equipped with provisions for self-

adjustment. These consist of one (or more) inteweght
piece(s) and an algorithm which can be time anmiopera-
ture controlled or manually triggered. Furthermonegss
calibration software allows for an additional adjoent of
the reading by applying a sensitivity factor in girecessing
of the value that was read from the comparator wutim
this light, we consider the calibration softwarenigea part
of the “measuring system” together with the comfmarésee
Figure 1).

Measuring
System
Comparator:

delivering indication value

Software:
processing indication value with a factor

Figure 1: The measuring system.

The sensitivity factor that is applied by the safter is
gained from the following test procedure: The corapa is
loaded with a pre-load (between zero and nominadt)o
which brings the comparator into a typical workiagge or
working state. Then a test is carried out using/BBA”
cycle which starts with the pre-load (“A”), thercalibrated

the determination of:
* Readability of the comparatas.,..q4,
* repeatability of the comparat@f.,.q¢.
e calibration uncertainty of the sensitivity test glet

uweight-

The uncertainty it$ can thus easily be derived as:

2 2 2
u—g = Ame X uread] + [Aimc X urepeat] + [_A:I_Icz X uweight] (2)
With the components
d 1
Uread = 2 ﬁ
for an ABBA cycle (derived from the calculation af
ABBA difference) and with readability,
S
u =—
repeat \/ﬁ
with the repeatability standard deviatienof the com-
parator and the number of cycles of test
and
_ Ucal
Uweight = —
from the calibration certificate of the sensitivitgst
weight.

For simplification of the uncertainty calculatioon(y)
we setAl = Am, so that (2) becomes:

2 _ [t d]z E i]z -1 @]2
us = [Amcxzx\/? t Amcxx/ﬁ t Am,:>< 2 ©)

Please note that sinceis a relative number, its uncer-
tainty u2 is also a relative number while its uncertainty
components are in mass units.

5UNCERTAINTY OF CONVENTIONAL MASS

OIML R111 [1] requires an uncertainty contributiap
(note lower case “s” in the subscript) to be estgdahat, as
a component of the balance uncertaimfy, accounts for the
uncertainty of the sensitivity in the calculatiof aonven-
tional mass. In our case, where a fastas used to calculate



the conventional mass difference according to ttiiy un-
certainty component of conventional mass is:

2 Al 2
ug(Am)* = -5z Xus] 4
6INITIAL CHOICE OF A SENSITIVITY TEST

WEIGHT

As has been mentioned above, there is only liitibeal-
ture available on mass comparator sensitivity. pablica-
tion of R. Davis [6] was obviously written in theglt of
comparators with optical scales and a sensiti\dseasment
in every mass calibration cycle and therefore ptesionly a
rough direction for today's questions. Lee Shih Klea
paper [7] focuses on a very special problem (thibrzion
of stainless steel against Pt-Ir standards anduatiay true
mass) and thus has its own reasons for the chdidheo
weight size. But all sources agree in the geneesl that the
weight should be “small” and in the magnitudes bé t
weighing differences that will be obtained. Thes@a is
probably, that this procedure tries to approximeteideal

differential sensitivity% from the test with finite values
(o
Al

thus avoiding any influence of non-linearities time

c

characteristic curve of the comparator.
As a first practical assumption, we chose calilatatest
weights with a nominal value of about 100 times rb&da-

bility d of the comparator, but not smaller than the sretille

OIML-weight which is 1 mg. The weights are madestafin-
less steel to avoid any complications arising flmmoyancy
effects. As test objects we chose the manual caagrarin
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2.0E-02
1.5E-02
1.0E-02
5.0E-03
0.0E+00 T T

Figure 2: Sensitivity uncertainties based on fitstice of the
sensitivity test weight.

We note the following important findings:

Although we applied the same basic idea for thdéceho
of the sensitivity test weight, the differencesiw sensi-
tivity uncertainties between the comparators wefe o
about 3 magnitudes, ranging from 3.3 E-05 to 2@RE-

The maximum uncertainty value observed (2.0 E-02)

was significantly higher than the simplified valoke5 E-
04 from the literature.

We conclude that a general assumption of an unogrta
of comparator sensitivity of 5 E-04 (as can be fbim the
literature) is not justified.

7OPTIMIZED PROCEDURE AND TEST WEIGHT

Further investigation of the uncertainty budgettioé
sensitivity revealed that in most cases (and eapgdn the

the mass calibration laboratory of METTLER TOLEDO, case of the high values identified above), the damii con-
accredited as SCS 0032. One of the XP6U compar&ors triputor to the uncertainty budget was the inflieraf re-

operated with reduced readability by one displagitdi
(Table 1).

Table 1: Mass comparators and readabilities arnidveights of
“initial choice”.
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We further assume for simplicity reasons that thst t
weights were calibrated with an uncertainty of dmied of

0.0001

peatability (which is the second component in (J)he
equation suggests that this contributor could fkiced by
an increase in the number of weighing cycles usethé
adjustment. However, this has little effect sintdsi not
practical to use more than about 5 ABBA cycles.

Re-visiting equation (3), we find that the nominalue
of the chosen sensitivity test weight influencek thiee
uncertainty contributors. This opens the door ttinozing
the sensitivity uncertainty by adjusting nominalues and
number of cycles. Increasing the nominal weightigabill
lead to smaller sensitivity uncertainties. A massivcrease
would, however, violate the principle of “small”restivity
test weights (as explained above), so we prefkeép nom-
inal values small. Apart from that, we will onlyausominal
values that are specified in [1].

With these two restrictions, we increased the nain
values in the sensitivity test weight with the aionreduce

the MPE of class Eaccording to [1]. For each mass com-uncertainties of all sensitivities to 1.0 E-05 esd. In order

parator used in our laboratory, we calculated theettainty
of the sensitivity as given in (3).

to keep the procedures easy to understand foaladirhtory
personnel, we kept the number of weighing cyadser the

This revealed some unexpected results. Figure &sho sensitivity test to be one (1) ABBA only.

the sensitivity uncertainties (k=1) for each conapar type
listed in Table 1:

Increasing the nominal values, we iteratively fandom-
inal value for a sensitivity test weight for evergmparator
type that satisfies the condition to produce sesitsits with
an uncertainty of 1.0 E-05 or less. The new valaes
shown in Figure 3. Please note the difference &xig-scale
compared to Figure 2.
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Figure 3: Sensitivity uncertainties with optimizechcedure.

9.1 Variation of sensitivity test weight size for microbal-
ances

For a target uncertainty value of 1 E-05, a mictahee
of type XP6U with a readability of 0.0001 mg reesira
sensitivity test weight of not smaller than 10 nsgd Ta-
ble 2). Trying a smaller 1 mg;Bveight instead, yields an
uncertainty of 6 E-04 which is even higher than tited
literature value. Thus, using smaller weights orcrobal-
ances to assess sensitivity has no positive efffette spe-
cific light of this investigation.

10 CONCLUSIONS

This result was achieved using the sensitivity test

weights for the comparator models as shown in Table

Table 2: Mass comparators and test weights fonopéid sensi-

tivity.
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8 GENERAL COOKBOOK PROCEDURE FOR
ASSESSING OPTIMIZED COMPARATOR
SENSITIVITY AND ITSUNCERTAINTY

The following procedure can be derived from the-con

siderations above:

1. Set and define a maximum acceptable value for Hensi
ty uncertainty (e.g. 1.0 E-05).

Use (3) and iteratively increase the nominal weigiitie
until the above condition is fulfilled for each cparator.

. Execute sensitivity test and apply the value fotordS
for each comparator to all readings.

Use the value ofi, for the uncertainty estimation of
mass calibrations according to [1].

2.

9 DISCUSSION ON FURTHER VARIATIONS

9.1 Variation of sensitivity test weight accuracy

Except for microbalance comparators, the calibratio
uncertainty of the sensitivity test weight hadditinfluence
on the uncertainty irf. So using weights calibrated in, E
quality instead of Eweights is possible without major dis-
advantage.

The sensitivity of mass comparators and its astatia
uncertainty are both values with important sigmrifice in
the field of weight piece calibration. The litersgwdoes not
provide much guidance neither on procedures toskee or
assessing sensitivity and its uncertainty nor enstelection
of suitable weights for sensitivity testing. We bawesented
a procedure for assessing and evaluating sengitvit its
associated uncertainty. By means of iterative appibn, a
test weight can be selected so that relative seitgitncer-
tainties of e.g. 1.0 E-05 or less are achieved.
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