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Introduction 

In the calibration of radioactive solutions the mass of drops 
of about 20 mg must be weighed. In order to achieve the 
desired accuracy in the calibration, the weighing error 
should be kept smaller than a few microgrammes. 
As a result of discussions (1,2,3,4) by radionuclides 
metrologists on the attainable accuracy on weighings with 
micro-balances, a working group "Microweighings" has 
been founded by the Bureau International des Poids et 
Mesures. In this group it was decided that the CBNM 
laboratories should investigate the performances of some 
microbalances. 
The performance of a balance is determined by its sensitivity, 
its precision of weighing» the accuracy of the mass of the 
built-in balance weights and the linearity of the optical scale. 
Furthermore, the attainable accuracy will be a function of 
the weighing procedures, the conditions, e. g. stability of 
reading, and the accuracy of weights used to calibrate the 
balance. 

Apparatus and experimental conditions 

The performances of the following mi ero-baiane e s have been 
determined: two M5 Mettler, one M5SA Mettler, one MPR5 
Sarto rius. 
All balances are installed in air-conditioned rooms, with the 
temperature kept at (20 + 0.5)°C and the relative humidity at 
(50 + 10)%. In one room the balances (one of the M5 and the 
M5SA balance) are placed on stone slabs supported by concrete 
pillars, which have no mechanical contact with the building. 
In the other room the balances are placed on special balance 
tables, designed to eliminate vibrations. 
The weighings have been done with sets of weights calibrated 
against the CBNM standard kilogram, which itself has been 
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calibrated against the international ki logram in September 1968. 
Some of the sets of weights, used in these experiments , 
have been prepared at CBNM from Vachromium 
(80/20 Ni-Cr) with a density of 8.3447 g. c m " 3 at 20°C, 
as determined at CBNM. All weights of these sets a r e made 
of one piece and do not have screw threads (to avoid 
collection of dus t ) . 

3. Description of experiments 

3. 1. Calibration of the dial weights 

The balance weights corresponding to the dial positions 3g 
(maximum weight of filled pycnometers , foil mounts etc. ) 
to 0.01 g for the Mettler M5 balances and of 0.9 to 0.001g 
for the Sar tor ius MPR5 balance, have been calibrated 2 ternes 
by different opera tors using different sets of calibrated 
weights. Each calibration was repeated 4 t imes with a zero 
reading before and after every weighing. 

3 .2 . Calibration of the optical scale 

F o r m a s s determinations with highest accuracy it is necessa ry 
to know the accuracy of the optical scale. As the optical scale 
is used to interpolate between successive dial weight values, 
the l ineari ty of the scale is an important factor in the final 
accuracy of the weighing· The l inear i ty of the optical scales 
of the M5 and M5SA microbalances has been de te rmined in 
all or one of the three following ways: 

(a) A first method consists of a straightforward calibration 
by using a set of reference weights. For every mg division 5 
readings were taken, with a zero reading before and after 

χ Vakuum schmelze, Hanau, Germany 
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every weighing. With each weighing the sensi t ivi ty 
of the optical scale between 0 and 10 mg was de te rmined 
and al l scale readings were co r rec t ed with this 
sensi t ivi ty. 

(b) The second method i s to m e a s u r e the scale length 
between the mg divisions with one and the same mg 
weight. The advantage of this method i s , that only 
one weight i s needed, and that ca l ibra ted weights a r e 
not requ i red . It i s sufficient to adjust a piece of wire 
of a m a s s - s tab le m a t e r i a l in such a way, that i t s m a s s 
co r re sponds with the scale value of 1 mg . After adjustment 
of the ze ro point, this weight i s placed on the balance 

and the reading (which i s close to the f i r s t mg-divis ion) 
i s taken. The weight i s removed and with t a r e weights 
(e. g. shor t lengths of me ta l wire) the reading is adjusted, 
nea r to the f i r s t mg-div is ion . By putting the weight on 
the pan again the dis tance between the f i r s t and the 
second mg-d iv is ion is de termined, e tc . Each reading is 
repea ted 4 t i m e s . 

In this way the dis tances between divisions a r e obtained 
in a r b i t r a r y uni ts . When the sensit ivi ty of the scale is 
a lso de termined with a 10 mg cal ibra ted weight, the sum 
of all d is tances can be no rma l i s ed and the dis tances 
expressed in m a s s uni ts . 

(c) A third method consis ts of the m e a s u r e m e n t of the 
dis tance between success ive scale divisions of 100 /ug 
with the ve rn i e r of the balance. The scale divisions 
a r e brought into view in the same way a s in b. The 
method is ve ry s imple . As no cal ibrated or re ference 
weight i s involved, i t provides no m a s s cal ibrat ion. 
Effects, re la t ive to, e. g . , the quality of the knife-edges, 
do not enter into the m e a s u r e m e n t as the beam does 

not change i ts position. This method is equivalent to 
taking the optical scale out of the balance and performing 



length calibration with mechanical-opt ical means , but 
without all the implications this would ini ply. Every 
scale division has been measu red 5 t imes . 

3 . 3 . P rec i s ion (reproducibility) as a function of the weighing method 

There a r e several procedures to determine the m a s s of an 
object. A generally used method consists of comparing the 
m a s s of the object with the m a s s of the dial weights of the 
balance. Before and after every weighing the zero reading 
of the balance has to be taken. This is called here the 
d i rec t reading method. 

Another pract ice is that of substitution weighing, when 
external reference weights a r e used. In this method the 
object is placed on the pan of the balance and counter
balanced with the dial weights, which a r e used as t a re 
weights. After reading of the optical scale the object i s 
removed and replaced by a set of calibrated weights, which 
a r e chosen such that the reading differs by no more than 
0. 5 mg. The weight of the object is then equal to the 
calibrated weight plus the difference in reading on the 
optical scale expressed in m a s s units (leaving the buoyancy 
effect out of consideration). This method does not need any 
zero reading, nor that the dial weights be calibrated. But a 
set of cal ibrated weights is needed. 

The precis ion of the substitution weighing has been determined 
by comparing two 10 g standard weights 10 t imes . The dial 
weights have been used as t a re weights only and were not 
changed during the successive weighings. 
The precis ion of the di rect weighing method, using the dial 
weights, has been determined, weighing an object of 
9.999 . . . g (requiring maximum manipulation of the dial 
weights) 10 t imes . Between weighings the dial weights were 
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set to zero in o rde r to take the ze ro reading. 
Values for the prec is ion of both methods have a l so been 
obtained in the cal ibrat ion of the dial weights (see 3. 1.). 

3 .4 . Sensit ivity of the ba lances 

Sensit ivity has been de te rmined with a ca l ibra ted 1 mg 
(substi tution method) or a ca l ibra ted 10 mg weight (direct 
reading method). 

3.5. TABLE 1 

Survey of exper iments 

Exper iment 

Cal ibrat ion of 
dial weights 
Cal ibrat ion of 
optical scale 

S x substitution 
method 
S d i rec t 
weighing 

M5SA (1971) 

X 

a 
xb 

c 
X 

X 

'J 

M5 (1962) 

X 

a 
xb 

c 
X 

X 

M5 (1963) 

X 

xb 

MPR5 (1959) 

X 

- D 

1) a re la t ive to s tandard weights 
b moving 1 mg along the scale 
c with ve rn ie r of balance 

4. Resu l t s 
4 . 1 . Cal ibrat ion of the dial weig_hts of the balances 

F r o m the exper iments desc r ibed in 3 . 1 . and 3 . 5 . the cor rec t ions 
on the dial weights have been calculated with the method of 
l ea s t squares (5, 6). In the appendix the calculation of the 
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correct ions for the M5SA balance is given as an example. 

The resu l t s a r e collected in table 2. 

TABLE 2 

Ç ^ ï ï ? ? ^ ? ? ii?! /UÉ>)_ *° di3··* weights of balances from nominal value 

Balances 

r 

Nomina l va lue of 
d ia l we igh t s (g) 

5 
4 

3 
2 

1 

. 9 

. 8 

.7 

. 6 

. 5 

. 4 

. 3 

. 2 

. 1 

. 0 9 

. 08 

. 07 

. 0 6 

M5SA (1971) 

+ 7 .7 
+ 1.4 

+ 8. 6 

 0 . 5 
+ 2 . 8 

+ 1. 1 
+ 2 . 7 
+ 1.0 

 1. 5 
+ 1.8 
+ 0. 1 

+ 1.7 
+ 2. 1 

 1. 1 
+ 0. 8 

 1.2 

. 0 5 + 0 . 7 

. 0 4 + 1 . 4 

. 03 

.02 

. 0 1 

. 009 

. 008 

. 007 

. 006 

. 005 

. 004 

. 003 

.002 

. 001 

 1.8 
+ 0. 1 

 1.9 

M5 (1962) 

+ 7. 1 
+ 7 . 5 

+ 4 . 8 
0 . 0 

 1.2 

 4 . 8 

 0 . 3 

 3 . 9 

+ 3 .9 
+ 2 .7 

 0 .9 
+ 3 . 6 
+ 0 .2 

 1. 1 
 1 . 5 

 1. 0 
 1.4 

+ 1.6 
+ 0. 3 

 0. 1 
+ 0 .4 

M5 (1963) 

+ 15, 6 

+ 15.7 

+ 7 . 8 
 2 . 5 

+ 1.9 
0. 0 

 1.9 
+ 1.2 

 6.7 
 3 . 6 
+ 3 . 6 

+ 1.7 
+ 4 . 8 

 3 . 1 
0. 0 

 7. 1 

 3 . 9 
 5 .1 

 1. 9 

M P R 5 (1959) 

+ 47 . 1 
+ 36 .7 

+ 27. 0 
+ 16 .6 

+ 6. 0 

+ 4 1 . 1 

+ 30 .7 
+ 2 1 . 0 

+ 10. 6 

+ 4 8 . 9 
+ 3 0 . 9 
+ 40 . 5 
+ 22. 5 

+ 3 . 5 

+ 1.9 + 4 5 . 4 
5.2 

 2. 0 

 3 .2 

+ 2 7 . 4 

+ 37. 0 

+ 19. 0 
+ 16 .5 
+ 10. 6 

+ 10 .3 

+ 4 . 4 

+ 7 . 4 

+ 9. 1 
+ 3 .2 

+ 2 . 9 
 3. 0 

A s e a c h d ia l pos i t ion c o r r e s p o n d s to a c o m b i n a t i o n of m a x i m u m 
4 i n c o r p o r a t e d we igh t s p e r d e c a d e ( 5 , 2 , 1, l x ) and a s f rom the 

append ix i t fol lows tha t p e r i n c o r p o r a t e d weight a s t a n d a r d 

dev ia t ion of about 1 ,ug m u s t be a s s i g n e d , the s t a n d a r d dev ia t ions 
on the above v a l u e s v a r y f r o m 1 to 2 /ug. 
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F r o m table 2 the values of the max imum cor rec t ions and 
the corresponding readings a r e collected in table 3. 

TABLE 3 

Maximum cor rec t ions when using nominal 
values of dial weights 

Balances 

M5SA (1971) 

M5 (1962) 
M5 (1963) 

MPR5 (1959) 

Maximum cor rec t ions 

( / ug) 

+ 13. 5 
+ 13.0 
+ 22 .4 
+ 112.5 

Dial weight 
combination 

1.89 g 
2 .44 g 
4 .24 g 

0.999g 

Especia l ly in the l a s t case apprec iable e r r o r s can be 
made . 

4 . 2 . Cal ibrat ion of the optical scale 

In table 1 a r e indicated the ba lances of which the l inear i ty 
of the optical scale has been de te rmined and what methods 
have been used. 

The r e su l t s a r e given in figure 1. 
F o r the M5SA (1971) balance i t i s found with method a 
(where the scale i s compared to s tandard weights) that the 
max imum cor rec t ions a r e + 3 /Ug and - 4 /Ug. According to 
method b (where a 1 mg weight i s moved along the scale) 
the biggest deviations, a r e found at the end of the scale , 
between 17 mg and 20 mg. As with method a, the uncertainty 
of the weighing at every point is + 2 /Ug. But in method b 
all e r r o r s on the single m e a s u r e m e n t s will be added, whereas 
in method a it will be the same for every point. This explains 
why the shapes a r e not ident ical . The normal i sa t ion of the 
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distance between the scale divisions (method b) by a 
sensitivity determination with 10 mg introduces an 
uncertainty of l / lO th of the e r r o r involved in this 
sensitivity determination. The measurement of the 
l ineari ty of the opti cal scale by comparing the scale 
lengths with the vernier of the balance (method c) 
gives a s imi lar shape as in methods b and a. 
The M5 (1962) microbalance has , according to method a, 
maximum correct ions of + 12 /ug a.nd - 13 /Ug, and 
according to method b + 11 /Ug and - 15 /Ug. 
The l inear i ty of the optical scale of the M5 (1963) has 
been determined 20 t imes with method b, at different 
t imes . In each se r i e s only simple readings, without 
sensitivity determinat ions, have been taken. The scale 
values R. thus obtained, a r e reduced by a factor k to 
a r r i v e at unit sensitivity at the 10 mg point: 

R. = k R. i c 1 

10 

10 

i = 1 
R. 

1 

with R. = average scale value observed between divisions 
(i - 1) and i, 

R. = correc ted average scale value . 
i c ° 

As the determinations were repeated 20 t imes, the data 
points in fig. 1 (M5 1963) a r e rel iable to within + 1 . 0 /ug. 
Here the maximum correct ions of the optical scale a r e 
+ 2.5 /ug and - 4 .7 /ug . As with both the M5SA (1971) and 
the M5 (1962) balances, the shapes obtained with methods b 
and c a r e s imi lar it may be concluded that the e r r o r s at 
the different scale divisions of the balances a r e due to 
imperfect ions of the optical scale itself, with the exception 
of range 0. . . 10 mg of balance M5 (1962), where the 
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deviation is probably due to wear of knife edges. 

4 . 3 . Compar ison of p rec i s ions of the weighing methods 

P rec i s i on t e s t s have been done with the M5SA (1971) 
and M5 (1962) ba lances according to the procedure 
descr ibed in 3 . 3 . 
In table 4 the s tandard deviation, defined as 

has been given 

η - 1 

TABLE 4 

P r e c i s i o n of weighing methods 

Balance 

M5 (1962) 
M5SA (1971 

Standard deviation s (/Ug) 

Substitution 

2. 0 

1.9 

Direc t weighing 

3. 9 
3. 5 

These f igures demons t ra te c lear ly that a lower precis ion 
in weighing is obtained in d i rec t weighings with the dial 
weights. The same conclusion can be drawn from weighings 
formar ly done with the M5 (1963) and the MPR5 (1959) 
balance, where the values found for the precis ions a r e 
of the same magnitude. 

4 . 4 . Sensitivity 

Throughout all exper iments the sensi t ivi t ies of the balances 
have been determined, by observing the deflection of the 
balance when a cal ibra ted weight of 1 or 10 mg is added 
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to (or removed from) the load on the pan. 
The sensit ivity was not adjusted as it va r ies from day 
to day. An adjustment upsets the the rmal equilibrium 
inside the balance case to such an extent that rel iable 
readings a r e not obtainable during a considerable 
length of t ime. This period might be even one or two 
days. 
Instead of using an external weight, also a dial weight 
of 1 or 10 mg may be used provided i ts m a s s has been 
calibrated. 

5. Discussion of resu l t s 

What accurac ies can be expected from weighings on 
microbalances? It will a l ready be clear , that the 
accuracy obtained depends on the method of weighing 
that has been used. 
Therefore several cases will be t reated. In table 5 
the data neces sa ry for an analysis a r e collected. 
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TABLE 5 

Summary of p rec i s ions and max imum cor rec t ions found 

Balance M5SA (1971) M5 (1962) M5 (1963) MPR5 (1959) 

Correc t ion dial 
weights maximum 
posit ive ( /Ug) 
Cor rec t ion dial 
weights, max imum 
negative (/Ug) 
Correc t ion optical 
scale , max imum 
posit ive ( /Ug) 
Correc t ion optical 
scale , maximum 
negative (/Ug) 
s d i rec t weighing 

X (/ug) 
s substitution 
method ( /ug) 

+ 13.5 + 2 . 8 

3.4 + 2 .0 

+ 3. 0 + 2. 0 

4. 0 + 2. 0 

3. 5 

1.9 

+ 13 .0 + 2 . 6 

- 6 . 3 + 2 . 0 

+ 12. 0 + 2 .0 

13.0 + 2 .0 

3.9 

2 .0 

Resul ts from e a r l i e r exper iments 

+22.4 + 2 .6 

16 .3 + 2 . 4 

+ 3 + 1 

5 + 1 

4 .0 J 

+ 1 1 2 . 5 + 3 . 5 

3 . 0 + 1.0 

2.0 χ 

4 . 0 ' 

2.0 J 

± 

F r o m the maximum posit ive and maximum negative cor rec t ions , the 
maximum e r r o r on a differential weighing can be calculated. 
This has been done for the following c a s e s . 

a. Direc t weighing without any c o r r e c t i o n s 
As an example we a s s u m e a differential weighing on the M5SA (1971) 
balance at the dial weight readings 1.89 and 0 .41 , corresponding 
to the max imum deviations indicated in table 5. This would give 
an e r r o r υί - (+ 13. 5 + 3. 4. ) = - 16. 9 /Ug. F r o m fig. 1 we take 
the maximum cor rec t ions on the optical scale , i . e . + 3 /Ug at 13 mg 
indication and - 4 at the reading 5 mg, resul t ing in an extra 
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possible e r r o r of - 7 /ug. 
In total - 23. 9 /ug. 
The standard deviation of the correct ions follows from 3 + 2 
dial weights ( l . 89 and 0. 41) comprising in total 12 incorporated 
weights in the balance. This is a standard deviation of yl2/Ug = 3. 5 /ug. 
Together with two t imes a standard deviation of 2 /ug on the optical 
scale calibration makes a total standard deviation off 20 /ug = 4. 5 /Ug. 
The total correct ion is thus + 4. 5 /Ug, standard deviation 4. 5 /ug. r 
In the same way the maximum correct ions for a differential 
weighing have been calculated for the other balances. 
Evidently, if weighing without correct ions is applied, e r r o r s 
of equal size as the correct ions in table 6 a r e made. 

TABLE 6 

r 

Maximum correct ions and their standard deviations 

correct ion (/Ug) 
s tandard deviations 
on correct ions (/ug) 

M5SA (1971) 

23.9 
4. 5 

M5 (1962) 

44. 3 
4 .4 

M5 ( 1963) 

46.7 
3-9 

MPR5 (1959) 

115.5 
3-6 

F r o m table 5 it follows that on M5SA a direct weighing implies 
a standard deviation of 3. 5 /ug. In a differential weighing this 
becomes s = 5 /ug. For the other balances it is ra ther 6 /ug. 

b. Direct weighing with correct ions for dial weights and optical scale . 
The e r r o r s indicated in table 6 under "cor rec t ions" a r e not 
committed, but it should be rea l i sed that the correct ions have 
uncertaint ies of about 4 to 5 /ug standard deviation. 

c. Differential weighing of samples of l e s s than 20 mg weight 
(reading of the optical scale only). In any case the sensitivity 
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must be determined with a weight of 10 or 20 mg, otherwi se 
gross e r ro r s a re to be expected. 
But still, with an uncalibrated optical scale maximum e r ro r s 
ranging from 7 to 25 /ug can be committed (fig. 1). With a 
calibrated scale, standard deviations of 2 /ug in the 
calibration and 2 /ug in the actual readings (single observations) 
a re applicable, resulting in a total standard deviation of 
about 3 /Ug for a single weighing and about 4 /ug for differential 
weighing. 

d. Substitution weighing without calibration of the optical scale. 
Here the weight of the sample can always be approached to 
within 0. 5 mg with combinations of calibrated weights. So the 
er ror due to scale e r ro r s can be kept below half of the 
difference in scale e r ro r s between two successive mg-divisions. 
For the Mettler balances tested this corresponds to a maximum 
of 1/2 χ 3. 5 /Ug5j2 /ug. The standard deviation of a single 
reading is 2 /ug. 
As the dial weights are used a tare weights, their calibration is 
not relevant. 
The total standard deviation is 3 /ug for a single weighing and 
4 /Ug for a differential weighing. 

e. Substitution weighing with a calibrated optical scale. 
Calibration of the optical scale would eliminate the error 
mentioned in d, but the uncertainty on the calibration introduces a 
standard deviation of the same size. 
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Conclusions 

When the balances a r e used as proposed by the manufacturer 
(i. e. d i rect weighing) the standard deviation is 3 to 4 /ug in 
the worst case . This standard deviation applies to a s ingle 
observation including zero reading. 
Non-l ineari ty of the optical scales and the adjustment of 
the buil t- in weights a r e such that e r r o r s far exceeding the 
standard deviation a r e introduced. Calibration of optical 
scales and weights considerably improves the accuracy but 
the calibration process itself introduces several /Ug uncertainty, 
such that accurac ies of 4 /ug (expressed as standard deviation) 
a r e about the best which can be obtained in d i rec t weighing, 
if more than 4 readings a r e taken. 
The best resu l t s a r e obtained if the substitution method is 
applied, i . e . comparison of the weight of the sample with the 
weight of a set of external cal ibrated weights. The dial weights 
a r e used as t a r e weights. The set of cal ibrated weights is 
chosen such that both readings a r e within 0. 5 mg. 
Mass determinations a r e then affected by a stat is t ical e r r o r of 
2 /Ug standard deviation (single observation). By repeated 
measuremen t s this is easily reduced to about 1 ,ug (4 observat ions) . 
To this e r r o r an uncertainty due to imperfections of the optical 
scale mus t be added. This e r r o r is 2 /ug in the very wors t case. 
A total e r r o r of ?. to 3 /ug is typical for the substitution weighing. 
However, the method requi res a set of carefully calibrated 
(external) weights. The calibration e r r o r of the set of reference 
weights is not considered here as it app l ies to both weighing methods, 
The authors a r e fully aware of the fact that the availability and 
the rel iabil i ty of a set of reference weights a r e problem s which 
a r e not eas i ly solved. 
They feel, however, that dealing with this subject is outside 
the scope of this report , but will be dealt with in a subsequent 
paper. 
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D i r e c t i o n c a l i b r a t i o n of the d i a lwe igh t s - c o r r e c t i o n s in /Ug 
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Calculated correc t ions for the (. 5), (. 2), (. l ) , (. 1 ) dialweights 
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Fig. 1 Corrections on optical scale 
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