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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International

organizations, governmental and non-governmental, in liaison with ISO, also take part in the wo
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters
electrotechnical standardization.

rk.
of

The procg¢dures used to develop this document and those intended for its further maintenance-;
described|in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed-for {
different fypes of ISO documents should be noted. This document was drafted in accordance with {
editorial fules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention|is drawn to the possibility that some of the elements of this document may.be the subject
patent rights. ISO shall not be held responsible for identifying any or all such patént rights. Details
any patenf rights identified during the development of the document will be in the.Introduction and
on the IS{ list of patent declarations received (see www.iso.org/patents).

Any tradg name used in this document is information given for the conveniéence of users and does 1
constitutg an endorsement.

For an ejplanation of the voluntary nature of standards, the €eaning of ISO specific terms 4
expressiops related to conformity assessment, as well as ihformation about ISO's adherence
the Worlg Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT), §
www.iso.¢rg/iso/foreword.html.

This docujment was prepared by Technical Committee ISO/TC 48, Laboratory equipment.

This second edition cancels and replaces the first edition (ISO/TR 16153:2004), which has be
technically revised.

The main|changes are as follows:

— the tgrm “standard deviation of thesmean delivered volume” has been replaced in this document
“repeptability” according to ISQ/IEC Guide 99 (VIM);

— anewf uncertainty calculation example has been supplied;
— new Yncertainty components have been added, namely, reproducibility, air cushion and resoluti
— new Annex A concerning the uncertainty in use of a single delivered volume has been added;

— new Annex B'€encerning volume correction due to pressure changes has been added.

Any feedbacKk'er questions on this document should be directed to the user’s national standards body.
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complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

The example given in this document is informative and supports the requirements found in
[SO 8655-8:2022, 9.4 and ISO 8655-7:2022, 4.2, to perform an estimation of measurement uncertainty
when calibrating POVA according to the measurement procedures described in these documents and
the principles of ISO/IEC Guide 98-3.

The revision of this document coincides with a major revision of the ISO 8655 series in 2022, reflecting
the state-of-the-art measurement procedures and approaches for the estimation of measurement

un prf:n'nfy
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Determination of uncertainty for volume measurements
of a piston-operated volumetric apparatus using a
photometric method

1 _Scope
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Thlis document also describes the determination of other uncertainty componeiuts related to
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Thie following documents are referred to in the text in sughva way that some or all of the
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Tiﬁis document gives detailed information regarding the evaluation of uncertainty for the|p

erence measurement procedure specified in ISO 8655-8 and the photometric procedure s
8655-7:2022, Annex B according to ISO/IEC Guide 98-3.

ivery process of a piston-operated volumetric apparatus (POVA), e.g. repeatability and
'thermore, it provides examples for the calculation and application ofthe uncertainty of
ivered volume and the uncertainty in use of a single delivered volume:

Normative references

1stitutes requirements of this document. For dated references, only the edition cited af
dated references, the latest edition of the referenced<décument (including any amendment

8655-1, Piston-operated volumetric apparatus %~ Part 1: Terminology, general requirement
ommendations

Terms and definitions
the purposes of this document,the terms and definitions given in ISO 8655-1 apply.

and IEC maintain terminoldgy ‘databases for use in standardization at the following addr¢

[SO Online browsing platform: available at https://www.iso.org/obp

IEC Electropediayayailable at https://www.electropedia.org/

Modelling-the measurement

e dual-dyetratiometric photometric measurement procedures described in ISO 8655-7 and [
e a cuvette containing a copper(Il) chloride solution of known volume, which is deter

otometric
ecified in

the liquid
handling.
the mean

ir content
plies. For

5) applies.

s and user

PSSES:

50 8655-8
mined by
ition with

kn

ravimetric method. The POVA under test is used to add an unknown volume of test soly

e cuvette

are mixed without removing the cuvette from the light path of the spectrophotometer, and absorbances
at 520 nm and 730 nm are measured before and after the addition of test solution.

Calibrator solutions of CuCl, and Ponceau S are prepared, and their absorbance values at 520 nm and
730 nm measured. Preparation of the Ponceau S test solutions of different concentrations involves the
preparation of dilutions, which are expressed by the dilution ratio, R. Absorbances of the calibrator
solutions, together with the dilution ratio, R, are used to calculate the calibration constant, K, for a given
concentration of Ponceau S.

The unknown volume of Ponceau S solution delivered by the POVA under test is calculated from the
volume and absorbances of the CuCl, solution prior to addition of test solution, the calibration constant
K, and the absorbance of the mixture in the cuvette after addition of test solution.

©lI
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The Formula for the total volume V(i) of delivered test solution after the i-th delivery at the test
temperature is given by Formula (1):

AC520

M520
; Ac730 — Ac520
Vi (i) = Ve (@8]
M520 AC520
AC730 ACSZO
where
V(i) is the total volume of test solution which has been added to the test cuvette from the fifrst
delivery through the i-th delivery;
Veo is the actual volume of copper(Il) chloride solution in the prepared test cuyette at the
start of the test;
Kj is the calibration constant from Formula (2);
Aumsooli)  is the absorbance at 520 nm of the cuvette mixture after the i-th delivery of test solutipn;
Acsoo is the absorbance at 520 nm of the copper(II) chloride solution in the cuvette prior to the
first delivery of test solution;
Ac730 is the absorbance at 730 nm of the copper(1I) chloride solution in the cuvette prior to the
first delivery of test solution.
The calibfation constant (K}) for each batch of solutions is-€alculated using Formula (2). Absorbance
values arg obtained from the measurements in ISO 8655:8:2022, 8.2.
K = 1 ACalSZO,j - ACalCSZO 2)
J e _
ACalC73O ACalCSZO
where
K; is the calibration constarit for the test-volume-specific calibrator solution [the subscript
j refers to the test yolume (Vs)];
R is the dilutionratio of the calibrator solution;
Acaisgp,;  1s the absoxbance of the Ponceau S calibrator solution j at 520 nm;
Acaicspo  1s the'absorbance of the CuCl, solution at 520 nm;
Acaicgo . #sthe absorbance of the CuCl, solution at 730 nm.
The dilutiphpatio (R) is calculated according to Formula (3).
Vp
- (3)
where
R is the dilution ratio;
Vps is the actual measured volume of Ponceau S solution;
Ve is the actual measured volume of copper(II) chloride solution.

© IS0 2023 - All rights reserved
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Formulae (1), (2) and (3) contain nine input variables. Six of these inputs are photometric absorbance
values. Three inputs are liquid volumes at the test temperature and each of these three volumes is

determined by weighing on a balance.
The liquid volumes V,, Vps and V. at the test room temperature are calculated according to Formula (4).

1 Pa
Vy =(my —mp )x——x| 1-—- 4)
b LE PL—Pa ( PB]

where

V,  isthe calculated volume at the temperature of the test liquid, in ml;
m;,  is the balance indication of the weighing vessel after liquid delivery, in g;

mg  is the balance indication of the weighing vessel before liquid deliverygin'g (my = 0 in case the
balance was tared with the weighing vessel);

pa  isthe density of air, in g/ml (see Formula (5) below);
pg  istheactual or assumed density of the weights used to calibrate the balance, in g/ml;

NOTE Stainless steel weights of density 8,0 g/ml arestypically used for balance calibrgtion.
p.  isthe density of the liquid at the test temperature, in g/ml.

Formula (5) for the air density can be used at temperatures between 15 °C and 27 °C:

L 0,348 48xP—0,009%h, x (0,061xE)

(5)
1 000 t+273,15

Pa=
where

Pa  isthe air density, in g/mf;

t is the ambient temperature, in °C;
P is the barometric pressure, in hPa;
h, is the relative air humidity, in %.

Thie relative uncértainty of Formula (5) is 2,4 x 10~4 g/ml under the following conditions: bprometric
préssure between 600 hPa and 1 100 hPa, ambient temperature between 15 °C and 27 °C, arjd relative
humidity bétween 20 % and 80 %.

Atjotherenvironmental conditions, Formula (5) is replaced with the CIPM-2007 calculations|described
in Reference [3].

According to ISO 8655-8, the mean volume is calculated according to Formula (6):

- T
7 Vr(n) (6)
n
where
1 is the mean volume;

Vy(n) is the total volume of test solution in the cuvette after the n-th delivery (typically, n = 10).

©1S0 2023 - All rights reserved 3
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If a cubic expansion coefficient y for the POVA is known, it can be applied to correct the dispensed
volume to the reference temperature using Formula (7).

Vi rer (1) =Vr (1)X[1=7(ty, —trer )] (7)
where

Virer(f)  isthetotal volume of testliquid after the i-th delivery corrected to a reference temperature;

y is the cubic thermal expansion coefficient for the POVA under test;
ty, is the temperature of the test liquid at the test room temperature;
Crof is the reference temperature for the POVA, typically 20 °C or 27 °C.

5 Geng¢ral procedure for the uncertainty calculation

The evaluption of measurement uncertainty in this document follows ISO/IEC Guide 98-3. The method
has the fo]lowing steps:

a) Exprgssing, in mathematical terms, the relationship between the. measurand and its input
quantities.

b) Determining the expected value of each input quantity.

c) Determining the standard uncertainty of each input quantity.

d) Determining the degree of freedom for each input quantity.

e) Deterjmining all covariance between the input quantities.

f) Calcu]ating the expected value for the meastrand.

g) Calcu]ating the sensitivity coefficient ef\each input quantity.

h) Calcu]ating the combined standardwuncertainty of the measurand.

i) Calcu]ating the effective degrees’of freedom of the combined standard uncertainty.
i) Chooging an appropriate-coverage factor, k, to achieve the required confidence level.

k) Calcu]ating the expanded uncertainty.

In this dqcument, the-uncertainty of the measurement associated with the systematic error of the
mean vollime is separated into three different clauses: the uncertainty components associated wijith
the photometrig.measuring system (Clause 6), the uncertainty components associated with the devijice
under test (POVA, Clause 7) and the uncertainty components associated with the liquid delivery process
(Clause 8

6 Standard uncertainty components associated with the measuring system
(photometric measurement procedure)

6.1 General information on the estimation of standard uncertainty components

It is possible to experimentally estimate the standard uncertainty of measurement, u(x), for a quantity
x, by performing repeated measurements of x under normal laboratory conditions. This is called a
type A evaluation according to ISO/IEC Guide 98-3. The standard deviation of the obtained values is a
measure of the repeatability of the measurement. The standard uncertainty associated with x can be

4 © IS0 2023 - All rights reserved
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the standard deviation (in the case where a single measurement of x is made), or the standard deviation
of the mean equal to stdev(x)/sqrt(n) (in the case where x is the average of n readings).

See ISO/IEC Guide 98-3:2008,4.2 for more information on type A evaluation of standard uncertainty.

In addition to repeated measurements, the systematic component of the uncertainty of measurement
for a quantity x is estimated by other means. This is called a type B evaluation according to
ISO/IEC Guide 98-3. For example, one can obtain information for that estimation by considering the
manufacturer’s specifications of the POVA (e.g. resolution, linearity, drift, temperature dependence,
etc.).

Often the manufacturer’s specifications are given in the form of an interval covering the medsurement
value, with no additional information regarding distribution or coverage. In thesé ¢ases, the
mdasurement is assumed to follow a uniform or rectangular distribution. Thi§)distr{bution is
characterized by a constant probability inside the interval while the probability outside the |nterval is
zero.

Thie interval can be used to give the variance of x according to Formula (8):

a, —a_)>
2=t ©®)
where
u?(x) is the variance of quantity x;
a, and a_  give the upper and lower limits of the interval of the variable x.

Thie standard uncertainty, u(x), is given as the square root of the variance.

In |addition to uniform rectangular, other -distributions are also possible when performing type B
evaluations. See ISO/IEC Guide 98-3:2008{4.3 for more information on type B evaluations of standard
ungertainty.

6.2 Standard uncertainty of the copper(ll) chloride solution volume

Acfording to ISO 8655-7 and ISO 8655-8, the volume of copper(II) chloride solution (V) is in[the range
of #,5 ml to 5,5 ml and is within £0,03 % of the chosen volume. For this example, the maximun] specified
erfor (£0,03 %) is modelled as a rectangular distribution, as shown in Formula (9).

0,000 3
u(Veo )=Veg X 9)
COo Co \/§

wlhere

u(l%o) isthestandard uncertainty associated with the volume of the copper(II) chlorid¢ solution;

Veo is the volume of copper(Il) chloride solution in the cuvette.

EXAMPLE When Vi is 5000 pl, u(V¢p) is 0,866 0 pl with infinite degrees of freedom based on a rectangular
distribution.

NOTE Formula (4) is used in the measurement of this volume (V) at the temperature of the absorbance

measurement. The uncertainty of the balances and other test equipment specified in ISO 8655-8 are sufficient to
achieve a 3:1 measurement capability index versus this 0,03 % tolerance when using Formula (4).

6.3 Standard uncertainty of the cuvette mixture absorbance at 520 nm

The absorbance of the cuvette mixture at 520 nm after the n-th delivery, Ays,0(n), in a reference
calibration (n = 10 or greater) is typically in the range of 0,50 to 1,2 absorbance units (AU). The

© IS0 2023 - All rights reserved 5
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uncertainty of this measurement is dominated by photometric repeatability of the spectrophotometer
(0,01 % relative standard deviation or 0,000 05 AU, whichever is greater). There is also a contribution
from the effect that allowable temperature change has on the chromophore (+0,5 °C rectangular). An
example is given in Formula (10), where there is a relative uncertainty due to repeatability of 0,01 %,
plus the 0,5 °C temperature limit (rectangular), multiplied by the dye sensitivity of 0,000 5 % per °C.

2
u[AM520(n)]:AMSZO(n)x\/O,OOO 12 40,000 SZX% (10)

where

u[Aydo(n)] is the standard uncertainty associated with the absorbance of the cuvette mixturg at
520 nm;

Apsooln) is the absorbance of the cuvette mixture at 520 nm.

EXAMPLE For a 5 ul test volume and n = 10 replicates, Ays,0(n) is expected to be 0,6847 AU and u[Ap5,50(n)]
is 1,197 x 10~* AU with 285 degrees of freedom. This is based on an estimate of infinite.degrees of freedom [for
the rectangular distribution of the temperature range, 30 degrees of freedom for the-photometric repeatabiljty,
and applyihg the Welch-Satterthwaite formula in Clause 11.

6.4 Stapdard uncertainty of the cuvette starting absorbance at730 nm

The start|ng absorbance of the cuvette at 730 nm before the first delivery (A¢73,) is in the range of
1,0 AU to 1,3 AU. The uncertainty of this measurement is dominated by photometric repeatability of the
spectropfotometer (0,01 % relative standard deviation) and a'similar contribution from the effect that
allowable|temperature uncertainty (0,1 °C, k = 2) has on the-€uCl, chromophore.

An examplle is given in Formula (11), where there is a relative uncertainty due to repeatability of 0,01(%,
plus the 0j05 °C temperature uncertainty (k = 1), multiplied by the dye sensitivity of 0,001 65 % per {C.

U(Agrbo )= Agyag X0,000 12 +0,001 650,052 (11)

where

u(Ac7ho) is the standard un€ertainty associated with the starting absorbance at 730 nm;

Ac730 is the starting-abSorbance of the cuvette at 730 nm.

EXAMPLE When A, 171,098 AU, then u(Acy3) is 1,423 x 10~* AU with 58 degrees of freedom. This is
based on an estimate of.30degrees of freedom for the temperature uncertainty, 30 degrees of freedom for the
photometrjic repeatability and applying the Welch-Satterthwaite formula in Clause 11.

6.5 Stapdarduncertainty of the cuvette starting absorbance at 520 nm

The start g absorbatreeof-the—euvette—at520-nmbefore—the—first dC}iVCIy (ACSZO) ts—the Tang of
0,015 AU to 0,025 AU. The uncertainty of this measurement is dominated by photometric repeatability
specification of the spectrophotometer (0,000 05 AU standard deviation) and is shown in Formula (12).
The contribution from temperature uncertainty is negligible.

u(Acsz0)=0,000 05 (12)

where u(Acs,) is the standard uncertainty associated with the starting absorbance at 520 nm.

EXAMPLE u(Acsy) is taken to be 5,000 x 10-5 AU with 30 degrees of freedom.

6 © IS0 2023 - All rights reserved
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6.6 Standard uncertainty of the volume of Ponceau S and copper(II) choloride solutions
used in calibrators

The dilution ratio, R, of the calibrators is calculated according to Formula (3).

In this example, each of these volumes (Vpg and V) is measured by weighing and calculated at the test
temperature according to Formula (4). The typical values are in the range of several ml up to several
litres, depending on calibrator solutions.

For Vpg, the relative standard uncertainty of weighing indication is estimated at 0,002 0 % (or better) of
indicated value based onthe minimum reguirements for balances statedin ISQO 8655-8 Twaoindications

are
in

Th
sta

un
(b

 required for each solution, empty and ioaded, so this value appears twice in Formula (13)
Formula (14).

e uncertainty in density also contributes to uncertainty in Vpg. The two primary,contributg
ndard relative uncertainty (k = 1) of the density meter (0,002 5 %) and the effeet that teq
certainty of the liquids has on the density of the Ponceau S solution, which isestimated as 0
ised on 0,021 0 % per °C expansion, and 0,05 °C standard uncertainty/in the liquid tem

Thjis uncertainty in Vpg is shown in Formula (13).

wh

EX
est
thd

Sin

wh

EX

u(Vps ) =Vpg X+/0,000 022 +0,000 022 +0,000 0252 +0,000 010°52

ere

is the standard uncertainty associated with the volume of Ponceau S solution u
calibrator solutions;

u(Vps)

Vps is the volume of Ponceau S solution used in the calibrator solutions.

AMPLE 1~ When Vpg is 5 ml, then u(Vpg) is 1,959 x 10-4 ml with 98 degrees of freedom. This is b
imate of 30 degrees of freedom for each of(the four contributing uncertainties in Formula (13) an
Welch-Satterthwaite formula in Clause.11.

hilarly, the uncertainty in V. is calgulated as shown in Formula (14):

u(Ve )=Ve x4/0,000 022 #0,000 022 +0,000 0252 +0,000 010 52

ere

u(Ve)  isthestandard uncertainty associated with the volume of copper(II) chloride soly

indthe calibrator solutions;
Ve is the volume of copper(11) chloride solution used in the calibrator solutions.

AMPLE 2~ When V is 500 ml, then u(V) is 1,959 x 10-2 ml with 98 degrees of freedom. This is b

est]

and twice

rs are the
nperature
001 05 %
perature).

(13)

sed in the

ased on an
d applying

(14)

Iition used

ased on an

imate of 30 degrees of freedom for each of the four contributing uncertainties in Formula (14) an

d applying

the Welch-Satterthwaite formula in Clause 11.

From Formulae (13) and (14) it can be shown that there is a 0,003 9 % relative standard uncertainty in
the measurements of Vpgand V.

6.7 Standard uncertainty of the absorbances of the calibrator solutions

The absorbances used to calculate the calibration constant K; (Ac,i520,5 Acaicszo a0d Acac730) are given
in Formula (2) and described there. After the calibrator solutions are prepared, they are measured in
the spectrophotometer.

The absorbance of the calibrator solution at 520 nm (Ac,jsz0,) is typically in the range of 0,50 AU
to 1,2 AU. The uncertainty of this measurement is dominated by photometric repeatability of the

©1S0 2023 - All rights reserved 7
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spectrophotometer (0,01 % relative standard deviation) with a lesser contribution from the effect that
the temperature uncertainty has on the chromophore, i.e. 0,05 % per °C. The uncertainty in Ac,js50 ; is

shown in Formula (15):

u(ACalszoJ):ACaISZOJ-x\/O,OOO 12 +(0,000 5x0,05)?

where

(15)

U(Acaisz0,) Is the standard uncertainty associated with the absorbance at 520 nm of the calibrator

Acaisap,

EXAMPLE

is based o1] an estimate of 30 degrees of freedom for the temperature uncertainty, 30 degrees of freedom for

photometr

The absorpbance of the copper solution used to prepare the calibrator (A¢,;c730) iS0neasured at 730 1
and is in the range of 1,0 AU to 1,3 AU. The uncertainty of this measurement is dominated by photomet

repeatabi
the effect

u(Ac,

where

U(ACa

ACalC7

EXAMPLE
is based or]
photometr]

The absot

solution j;

b,/ is the absorbance at 520 nm of the calibrator solution j.

Ll When Ac,js0,is 0,681 7 AU, then u(Acysy0 ) is 7,027 = 10-5> AU with 34 degrees offreedom. T|

ic repeatability and applying the Welch-Satterthwaite formula in Clause 11.

ity of the spectrophotometer (0,01 % relative standard deviatiofi))and a contribution fr

730)= Acacr30 X3/0,000 12 +(0,001 65x0,05)2 (

c730) 1S the standard uncertainty associated,with the absorbance at 730 nm of the calibra
solution;

k0 is the absorbance at 730 nm oflthe calibrator solution.

P When Ac,ic730 15 1,098 0 AU, then u(Ac,cr30) is 1,423 x 1074 AU with 58 degrees of freedom. T
an estimate of 30 degrees of freedom for the temperature uncertainty, 30 degrees of freedom for
ic repeatability and applying.the Welch-Satterthwaite formula in Clause 11.

520 nm a

by photomhetric repeatability.specification of the spectrophotometer (0,000 05 AU standard deviatig
Thermal tontributions fiave a negligible effect on the uncertainty of this absorbance reading. T
uncertainty in Ac,cspg4s-Shown in Formula (17):

where u(4&10s20) 1s the standard uncertainty associated with the absorbance at 520 nm of the calibra

bance of the copper _solution used to prepare the calibrator (Ac,cs20) is also measured,
d is in the range 0f-0,015 AU to 0,025 AU. The uncertainty of this measurement is dominat

his
the

hm
ric
bm

that the temperature uncertainty (0,05 °C, k = 1) has on the CiCl;, chromophore, which has
a tempergture sensitivity of 0,165 % per degree. The uncertainty in A¢, 730 is shown in Formula (16

):

6)

for

his

the

at
ed

n).
he

7)

for

solution;

EXAMPLE 3 u(Acacsz0) is taken to be 5,000 x 10> AU with 30 degrees of freedom.
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7 Standard uncertainty components associated with the POVA

7.1 Standard uncertainty of the resolution
The standard uncertainty related to the resolution can be determined according to Formula (18):

u(res)= AE (18)

V12

wlhere

u(res) isthe uncertainty associated with the resolution of the POVA'’s volumeé selection|device;
Ares is the actual or estimated resolution of the volume selection device of the POVA,
NOTE The uncertainty related to the resolution of the POVA is included in the uncertainty budggt when the

measurements are dependent on the direct reading of the output volume, e.g.'at/a burette. The uncertginty of the
redolution is also included when estimating the uncertainty to the systematie’error es.

7.2 Standard uncertainty of the setting
The setting of the volume in the POVA is evaluated and in¢luded in the uncertainty budget, if 4pplicable.

NOTE For example, the uncertainty related to the volume setting can be estimated using Formulq (18).

7.3 Standard uncertainty related to air,cushion effects

If pplicable, the standard uncertainty related to the air cushion effect u(4V,,q,) depends on the size of
the air cushion that is related to the lifting height in the pipette tip and can be calculated ac¢ording to
Fofmula (19), which is based on the information given in DKD-R 8-1:2011, Clause 8.7[4l:

u(Avcush)=J(u(VAp)><cVAp V4 (u(VAR Yxcypy ) +(u(VAE Ixey ) (19)
where

u(AV,.,en) s thestandard uncertainty related to the air cushion effect;
u(VAp) IS the standard uncertainty attributed to air pressure variation during the tesgs;

u(VAhy)" isthe standard uncertainty attributed to the humidity variation during the tegts;

ufVAt)  isthe standard uncertainty caused by variation between the test liquid tempefature, air

. b e b Ll DAOYLLA 1 1.1 dn
LCIHIPTI AUl c dlitd tTiipCldturc U tic mUuv.a ulldch Lallul ALIU1IL,

C; are the sensitivity coefficients related to each uncertainty component.

NOTE The variations of each parameter are determined experimentally during the test, and only apply to
POVA which have an air cushion.

The sensitivity coefficients (c;) related to the air cushion effect from pressure, humidity and pressure
can be derived from DKD-R 8-1[41,

7.4 Standard uncertainty of the cubic expansion coefficient

The standard uncertainty related to the cubic expansion coefficient, y, is dependent on knowledge
of the actual material of the device under test and on the source of the data, which provides the user
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with an appropriate value. Data from the literature or manufacturer can be used for the expansion
coefficient and this value would be expected to have a relative standard uncertainty of 5 % to 10 % of
the expansion coefficient value for positive displacement devices, see Reference [5].

For devices with an air cushion, see 7.3, the thermal effects on the cubic expansion coefficient and the
air cushion are entangled and are considered in tandem or determined experimentally. The details of
this entanglement are beyond the scope of this document.

8 Standard uncertainty components associated with the liquid delivery process

8.1 Repeatability (experimental standard deviation)

Formulael (9) to (17) allow the determination of the standard uncertainties associated with f{

photometfic measurement procedure. To derive the standard uncertainty associated with the liq;
delivery grocess, the experimental standard deviation is included. When the mean delivered volu
is the megsurand, the standard deviation s, is divided by the square root of the number of repeat
measurements n as shown in Formula (20):

s, (V)=-L (2

s, (V) isthe standard deviation of the mean delivered volume;

S, is the repeatability standard deviation;

n is the number of replicate measurements:
NOTE To avoid uncertainty underestimation, thesepeatability contribution s, (V;)=s, can be used instg
of Formulaf (20).

8.2 Reproducibility

It is impoftant to also include the yn¢ertainty related to the reproducibility of V (from one test of §
POVA to the next test), which is given by the symbol s; (V). There are several methods to determ

this uncertainty contribution:

— alabqratory can perfofm experimental studies where the POVA test is repeatedly performed 3
the standard devidtion of the measurement result V is calculated;

— Alabgratory can refer to studies conducted and published by third parties, e.g. EURAMET or DK

— Ifno Juckifformation is available,

N

F

he
hid
me
ed

0)

pad

he
ne

nd

D;

—  Avatweforreproducibitity of 6,196 of the—setected—~volume—carr be—used—for pipettes—see
References [6] and [7]). For other POVA instruments, different values are used. As no further

information on the variation of individual measurements is taken into account, a rectangu
distribution is suggested.

lar

— Alternatively, a standard uncertainty value for reproducibility as a fraction of the maximum
permissible random error of the POVA can be used (see corresponding part of the ISO 8655
series). In this case, a normal distribution is suggested due to the underlying random nature of

10

this limit value.
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9 Combined standard uncertainty of measurement associated with the
systematic error of mean volume

According to ISO/IEC Guide 98-3, when the errors of input quantities are uncorrelated, the variance
characterizing the uncertainty of measurement is written according to Formula (21):

UZ:ZC,-ZXUZ(XI-) (21
1
where
u? is the variance characterizing the uncertainty of measurement;

u*(x;) arethe variances associated with each input quantity which contributes to the final result
(described by the model);

c2 are the squares of the sensitivity coefficients giving the degree of influence of feach indi-
vidual standard uncertainty.

Thie sensitivity coefficients are determined by evaluating the partial derivatives of the megsurement
fomula by numerical simulations or by physical experiment¢In‘the case of this document, it {s possible
to Jobtain explicit functions for many sensitivity coefficieiits'by evaluating the partial deriyatives as
shown in Clause 10.

In [this document, the uncertainty components are_if’groups corresponding to Clauses 6, 7, and 8. For
th¢ mean volume of a calibration or test, Formula,(22) applies.

u? (V)=u1%,15 (I7)+u§0VA (I7)+u]%Dp (V) (22)
where

U (]7) is the variance characterizing the uncertainty of the mean volume in a test or calibration;

UI%IIS (17) is the varianee characterizing the uncertainty due to the photometric measuring system;

Ur2>0VA (17) is the-variance characterizing the uncertainty due to the POVA;

ulpp (V) is the variance characterizing the uncertainty due to the liquid delivery procgss.

Fof the photometric measurement procedures of ISO 8655-8 and ISO 8655-7:2022, Annex B, Formula (1)
givyes the total volume. For a calibration with n replicates, Formula (23) applies.

—

2 o2 Vr()]
ST “L - J (23)

where V;(n) is the total dispensed volume in the cuvette after the n-th dispense.

The two liquid delivery process variances (Clause 8) can be combined as shown in Formula (24).
2 (v st 2(y
where

Upp (V) is the variance of the liquid delivery process;

©1S0 2023 - All rights reserved 11


https://standardsiso.com/api/?name=35f4974321e3fa7681ed97121de61a42

ISO/TR 16153:2023(E)

S, is the repeatability standard deviation;
2

Sy is the variance of the mean volume due to the repeatability of the POVA;
n

55 (V) is the variance of the mean volume due to test process reproducibility.

10 Sensitivity coefficients

Sensitivitjestottre e iupuL vartabtesdescribed Formmutae r| 1‘|, Q) ard @ aredrscussedrorder of
appearange, starting with sensitivity to V (initial volume of CuCl, solution in the cuvette). Formula|6)
and Formpla (1) are combined, then differentiated with respect to V, resulting in Formula (25):

v |1 Vr(n)

25
aVCO n VCO ( )

The threg absorbance values (Ayis,0, Ac730- and Acsyo) which appear in Formulaq¥]are evaluated ip a
similar way and results are shown in Formulae (26), (27), and (28).

o 1 ) ]X|:1+VT(n)i| (26)
n

dAys4o (1) [Ams20 (1) —Acs20 Veo
vl - V. V.
| _-1 V() x[1+ T(")} (27)
Ac7sp n (Aczzo —Acszo) Veo
V| _Vr(n) x[1+ Vr (”)}( Ams20 (1) - Acrdp (28)
dAcs2h n Veo 1 [Ams20(n)—Acs201CAe730 —Acs20)

Sensitivity of the mean volume to the calibratipn constant K; appearing in Formula (1) is given|in
Formula (R9):
S (n), Vr(n) Acz30 —Acsi
oK n Veo  Amszo(n)%4cs20

The calibyation constant K] is given in Formula (2) and is sensitive to the dilution ratio, Rj, and the three
absorbange values Acays0,j, Ac4ics20 Acalc73o-

(29)

The sensitivity of K; with gespect to R; is shown in Formula (30).

dK; | -1 ( Acaisag;y—Acaics20
3 X

i St (30)
dR; RJZ-

Agalc730 —Acalcs20

The dilutjon.xatio, R;, is given in Formula (3) which can be evaluated for sensitivity to the two input
volumes Wpsand Vi as shown in Formulae (31) and (32).

oR;

i__ % . (31)
Wps  (Vps +V¢)
oR; _

j__ ~Vps (32)

Ve (Vpg +Vc )
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The sensitivity of K; with respect to the absorbance values Ac,js20 Acaicszo Acaic7zo 1 shown in
Formulae (33), (34), and (35).

oK ;
——J _ ix 1 (33)
dAcais20,; R ;7 \Acalc30 ~ Acaics2o
oK ; _ A - —A
- j :—1>< Cal520,j — “3CalC520 _ (34)
Acalc730 R (Acaicy30 —Acalcs2o)
;),( — 1 % ALdlDLU,] = ALdlL/ oU (35)

EYR 2
dAcaics20 R;  (Acaic730 —Acaics20)

Fofmula (29) can be combined with Formulae (30) and (31) as a multiplicative product to ¢letermine
th¢ sensitivity of the mean volume to Vpg as shown in Formula (36).

oV _ oV aKjxaRj

Wps 0K " 9R i OVps

(36)
Sirhilarly, the mean volume is sensitive to the volume of copper(II) chleride solution used in the dilution
rafio in Formula (3). This sensitivity is shown in Formula (37):
oV oV JK; OR;

= X X
Ve oK j orR; JV;

(37)
J
The mean volume is sensitive to the three absorbance values Ac,is20 Acaicszor Acaic73o as|shown in
Formulae (38), (39), and (40).

oV oV K ;
X

= (38)
dAcais20; 9K;  9dAcaisog
% v oK ;
v _ov K, 39
dAcaics20 9K 9Acaics2o
% v oK ;
v _av 0K o)

dAcac7zo 9K dAcaez3o

11 Coverage factor k

In| order to \ealculate an appropriate coverage factor (k) for a 95 % confidence level (see
ISQ/IEC Guide 98-3:2008, Annex G) the effective degrees of freedom v, are estimated by mgans of the
Welch-Satterthwaite formula as shown in Formula (41):

Ly

Veff =, 2 (41)

Ve  are the effective degrees of freedom for the measurement;
uy  isthe combined standard uncertainty of the measured volume;
u; is the standard uncertainty of each component;

v; are the degrees of freedom of each component.
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For 10 or more measurements, k can be calculated or k = 2 can be used if the individual standard
uncertainty values have a similar statistical contribution to the combined uncertainty. For less than 10
measurements, k is calculated.

12 Expanded uncertainty of measurement associated with the volume v

The expanded uncertainty of the volume, V, is expressed according to Formula (42) where the standard
uncertainty is multiplied by the coverage factor k.

U(V) mkxuf2)

2=

2)

The result of the measurement can then be expressed with associated uncertainty according|to

Formula (#3):
Vy =¥ +U(V) (43)

where V)| is the overall result of the measurement including the expanded uncertainty of measurement.

13 Example for determining the uncertainty of the volume:measurement of POVA

13.1 Measurement conditions
The measpirement conditions are as follows:

— tenfold measurement of a selected volume of Vg = 5:j{I"of test solution (Ponceau S Solution Noj 4,
accorfling to ISO 8655-8), delivered by an electronic syringe (per EURAMET Project No. 1486,
reprofducibility is 0,005 0 pl, see Reference [8]);

— photdmeter meeting the minimum requirements of ISO 8655-8:2022, Table 1;

— thernjometer and other measuring instruments meeting the requirements of 1SO 8655-8:2002,
Table|2;

— mean|volume: V =5,014 ul;

— randgm error of measurement (standard deviation, n = 10): s, = 0,008 2 pl;
— standfrd deviation of the mean: Sr(l7) =s,/ J10 = 0,002 6 ul;

— systeatic error 6f'aieasurement: eg= V - Vg = 0,014 pl.

The determination‘of the uncertainty for these conditions is given in Tables 1 and 2.
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Table 1 — Measuring system standard uncertainty

Uncertainty
component

Unit

Symbol

Estimation

Distribution

Standard
uncertainty

Sensitivity
coefficient

Uncertainty
contribution

ul

Degrees
of free-
dom

Percent con-
tribution
%

Volume of CuCl,
in cuvette

ul

VCO

5000

rectangular

8,660 x 1071

1,000 x 1073

8,660 x 104

[ee]

19

Absorbance at
520 nm of cu-

AU

AMSZO

0,6817

combination
(see 6.2)

1,197 x 10~*

7,609

9,108 x 104

285

21

vefte mixture at

n=10

Abkorbance at
73pnmatn=0

AU

Ac730

1,098 0

normal

1,423 x 104

-4,676

-6,656 x 104

58

11

Abkorbance at
52pnmatn=0

AU

ACSZO

0,018 0

normal

5,000 x 10-°

-2,933

-1,467 x 10:%

30

0,5

Calibrator vol-
unje, Ponceau S
solution

ml

VP S

normal

1,959 x 10~*

1,000

1,959 x 10~

98

Calibrator
vojume, CuCl,
solution

ml

Ve

500

normal

1,959 x 102

-0,010

-1,959 x 10~*

98

Abporbance at
52 nm of cali-
brgtor solution j

AU

Acais20,)

0,6817

normal

7,027 x 1075

-7,609

-5,347 x 10~

34

Abporbance

at Y30 nm of
Cufl, calibrator
solution

AU

ACa1C730

1,098 0

normal

1,423 xM0-4

4,676

-6,656 x 104

58

11

Abforbance

at $20 nm of
Cufl, calibrator
solution

AU

Acaics20

0,018 0

normal

5,000 x 10-°

2,933

1,467 x 104

30

0,5

Maximum
evdporation
of Ponceau S
solution

AU

0,6817

right trian-
gular

1,391 x 104

7,609

1,059 x 10-3

28

Mdasuring

sy4tem standard

unfertainty 2

ul

Ums

1,998 x 103

1368

100

a The bottom row (measuring systeni standard uncertainty) is a summation of all other values in this table according to Formula (21).
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Table 2 — Combined standard uncertainty of the mean volume

this example.

¢ Standar
liquid deliver

syringe) is negligible compared to other sources of uncertainty.

Uncertainty com-| Unit Symbol Distribution | Standard un- Sensitivity Uncertainty |Degrees of | Percent con-

ponent certainty coefficient contribution | freedom tribution
pl %

Measuring ul Upis normal 1,998 x 103 1 1,998 x 103 1368 11

system standard

uncertainty @

POVA standard ul Upova rectangular 2,887 x 104 1 omitted 4 infinite 0

uncertainty [

Standard deyia- ul s (17) normal 0,002 6 1 0,002 6 9 19

tion of the mean ¢ "

Reproducibifity ul s (‘7) normal 0,0050 1 0,0050 50 70

of the calibration d

(incl. operatfr) ¢

Standard un ul u( [7) normal n/a n/a 0,006 0 73 100

certainty of the

calibration

a Measuripg system standard uncertainty is taken from Table 1.

b For the npotorised syringe in this example, setting uncertainty (7.2) applies. Resolution (7.1), cubic expansion (7:4) and air cushion (7.3) do not appl} to

deviation of the mean and reproducibility of the calibration are described in Clause 8. These‘eomponents describe the uncertainty of [the
process, u pp [see also Formula (24)]. Values for both are taken from Reference [8].

d Setting the syringe also contributes to reproducibility of the calibration and is included as part'ef the reproducibility data. It is omitted from [the
summation as|lan example of avoiding double counting. By examining the values in this table, it can be seen that upgy, (display resolution when setting|the

13.2 Redults

13.2.1 Standard uncertainty of the POVA mean velume

The standard uncertainty of the mean delivered volume is calculated according to Formula (44):

u(V) 3 ubss (V) +udova (V) +ulpp (V)

u(V)40,006 0 ul

(44)

where
u(I7) is the stahdard uncertainty of the mean volume.
NOTE See TableZ for the source of the 0,006 0 pl value.
16 © IS0 2023 - All rights reserved
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13.2.2 Expanded uncertainty of the measurement

The expanded uncertainty of the measurement is calculated by multiplying the standard uncertainty of
the measurement by the coverage factor k, according to Formula (42). In this example, a coverage factor
of (k = 2) is used, but that value can vary (see Clause 11).

U(V)=u(V)xk=0,012 0 ul

where U (17) is the expanded uncertainty of the measurement.

NOTE If the coverage factor were calculated using the effective degrees of freedom fromnIpble 2 (73
degrees of freedom), the value of k would be 2,01 by rounding down to 50 degrees of freedom and usit}g the 95 %
prgbability interval from ISO/IEC Guide 98-3:2008, Table G.2. The value of k would be 1,99 if caleulatgd from the
t-statistic using a 95 % probability interval and 73 degrees of freedom. In this example, the practice ofjusing k = 2
forjcalibrations of n = 10 replicates is adopted.

1312.3 Result of measurement

Thie overall result of the measurement including the expanded uncertainty of measuremgnt can be
expressed according to Formula (43).

Vi = 5,014 pl 0,012 pl (k = 2).

132.4 Uncertainty in use and corrections for pressure.changes

Thie uncertainty in use of a single delivered volume isidiscussed in Annex A. The volume corr¢ction due
to rhanges in atmospheric pressure is discussed in‘Annex B.

NOTE Correction for atmospheric pressure doées not apply to the positive displacement syringe ysed in this
exgmple.

1312.5 General remarks

Thle numerical values of the quantity estimation, standard uncertainty, and sensitivity coefficients are
volume dependent. It is not appropriate to use the values given in this example for other volumes.

For the example given in Table 2, the uncertainty associated with the standard deviation of{the POVA
anfl the reproducibility ‘ofthe calibration comprise 19 % and 70 %, respectively, of the overall dalibration
ungertainty. This is‘{ypical of many POVA calibrations where the overall calibration uncqrtainty is
dominated by the-repeatability and reproducibility of the liquid delivery process, including operator
effects.

1312.6 Note on the conformity with ISO/IEC Guide 98-3

T};E term “random error of measurement” (as used in the ISO 8655 series) is equivalent td the term
ue . . . ” . . _

There is no direct equivalent to “systematic error of measurement” eg (as used in the ISO 8655 series)
that is found within ISO/IEC Guide 98-3.

NOTE1 The term “instrumental bias” is found in ISO/IEC Guide 99[2] and is similar to “systematic error of
measurement”, provided that the POVA is considered as a liquid measuring instrument and that care is taken
regarding a positive or negative numerical sign in the result.
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To evaluate the systematic error of measurement we can define a volume difference V, as shown in

Formula (45).

VD = VS —V [4‘5)

where

The unce

is the difference between the selected volume Vg and the mean volume V.

rtainty of this volume difference, V), includes the uncertainty associated with the mean

volume, V, and possibly an uncertainty associated with the resolution or setting of the selected volume,
Vs (see 71 and 7.2). The uncertainty of the “volume difference” u(Vp)and the uncertainty of the

“systematfic error of measurement” u(eg) are identical provided that the uncertainty intervalsyare

symmetrif, as is the case in the example of this document.

NOTE 2
compared

18

The “systematic error of measurement” eg =V — Vs used within the ISO 8655 series is révet'sed in sfgn
Fo the volume difference Vp and the “instrumental bias” defined in the ISO/IEC Guide-99.
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Approaches for the estimation of uncertainty in use of a single

delivered volume

A.Il General

Fo
Vo

u(
a)

b)

" POVA delivering volumes in the laboratory in daily use, the uncertainty in use,of-a‘single
lume can be estimated. This uncertainty is larger than the uncertainty of the ntean deliver
/) described in 13.2 and differs in two major ways:

only a single delivered volume is considered, so that the experimentalstandard deviation
and not s, / Jn.

The systematic error of the POVA is considered, recognizing that many POVA users do n|
for systematic error in daily use.

delivered
bd volume

s.is used

ot correct

Thie approaches in this annex are practical simplifications ‘dnd are not covered in the umcertainty

co
lah

Numerical values used in the sample calculations<in A.2 and A.3 are taken from 13.1 for pi

illy
in

A.

As
set
cal
ap
of

ncept of ISO/IEC Guide 98-3. It is good practice to détermine whether these approachg
oratory'’s specific application.

|stration. When applying this concept, calculations are based on numerical values from datj
the laboratory where the POVA is used.

2 Uncertainty of a single delivered volume from a test data set

an intermediate step, the uncertainty of a single delivered volume can be determined from
of the POVA, e.g. from the«data provided on a calibration certificate or test report assoc
ibration, testing or routinhe/tests. The uncertainty of a single delivered volume from a tes

h single delivered velume from a test data set:

2 2
Usd test (V)=dums” +s,

g0 07)=(0,002 0)% +(0,008 2)2 i =0,008 4l

S cover a

irposes of
h acquired

h test data
ated with
t data set

blies to the conditions. during the test event. Formula (A.1) describe the calculation of the uncertainty

(A1)

ere

wh

Ugq test(V) is the standard uncertainty of a single delivered volume during a test, in pl;

Ups is the standard uncertainty of the measuring system, in pl;

s is the random error, calculated as standard deviation of the test data set, in pl.

r

In this example, the same value for uncertainty of the photometric measurement procedure is used as
in Table 1. However, s,.is used instead of s, /v10, because only a single delivered volume is considered.
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