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Foreword

[SO (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 work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types

of ISO do

[SO/IEC Diirectives, Part 2 (see www.iso.org/directives).

ISO drawp attention to the possibility that the implementation of this document may involvethe

patent(s)
rights in
patent(s)
this may

www.isojorg/patents. ISO shall not be held responsible for identifying any or all such patent rights|

cumant chanld ha natad Thic dacumant vwac drafitad in accnrdanca vith tho oditorial «w
ot T Tttt o cortrorce—vv e e eert oo+

e re oo Tro Tt o e rrote oo trocerrrrerre—vy TorrceerT

ISO takes no position concerning the evidence, validity or applicability of any’claim
respect thereof. As of the date of publication of this document, ISO had not(eceived no
which may be required to implement this document. However, implementets are cauti
hot represent the latest information, which may be obtained from the patent database ay

Any trad
constitut

For an explanation of the voluntary nature of standards, the meanihg of ISO specific terms and ex

related t
Organiza

This docyment was prepared by Technical Committee ISQ/LTC 48, Laboratory Equipment.

Any feed
complete

e name used in this document is information given for the convenience of users and
e an endorsement.

b conformity assessment, as well as information about ISO's adherence to the Wo
Fion (WTO) principles in the Technical Barriers to Trade(TBT), see www.iso.org/iso/forew

les of the

use of (a)
ed patent
tice of (a)
bned that
ailable at

does not

pressions
Fld Trade
ord.html.

back or questions on this document shouldébe directed to the user’s national standard
listing of these bodies can be found at www.iso.org/members.html.

s body. A
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Introduction

The examples given in this document are informative and support the requirement found in the ISO 23783
series to perform an estimation of measurement uncertainty when calibrating automated liquid handling
systems (ALHS) according to the measurement procedures described in ISO 23783-2. The examples in this
document are based on the principles of ISO/IEC Guide 98-3.

© IS0 2024 - All rights reserved
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Automated liquid handling systems - Uncertainty of the
measurement procedures

1 Scope

This doc

ment describes the measurement uncertainty analysis of the measurement procedures

escribed

in [SO 23

This doc
delivery
delivered

2 Norli
ISO 2378

ISO/IEC
measuren

ISO/IECG

3 Terry

For the p
ISO/IEC

ISO and |
— ISOQ
— IECEH

4 Gen

The evaly
Expressid

a) Expr
b) Detel

y83-2, following the approach described in ISO/IEC Guide 98-3.

ment also includes the determination of other uncertainty components related-to f
brocess and the device under test (DUT) to estimate the overall measuremént uncel
volumes by an automated liquid handling system (ALHS).

mative references
B-1, Automated liquid handling systems — Part 1: Vocabulary and getieral requirements

Guide 98-3, Uncertainty of measurement — Part 3: Guide,to” the expression of unce
tent (GUM:1995)

uide 99, International vocabulary of metrology — Basic and-general concepts and associated te

ns and definitions

irposes of this document, the terms and definitions given in ISO 23783-1, ISO/IEC Guide
uide 99 apply.

EC maintain terminology databasesdor use in standardization at the following addresses

nline browsing platform: available at https://www.iso.org/obp

lectropedia: available at https://www.electropedia.org/

eral proceduredor the uncertainty calculation

ation of measturement uncertainty in this document follows the ISO/IEC Guide 98-3 “Gu|
n of Uncertainty in Measurement (GUM).” The method has the following steps:

mining the expected value of each input quantity.

he liquid
'tainty of

rtainty in

rms (VIM)

98-3, and

ide to the

bssing.in.mathematical terms, the relationship between the measurand and its input quantities.

c¢) Determining the standard uncertainty of each input quantity.

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

e) Determining all covariance between the input quantities.

f) Calculating the expected value for the measurand.

g) Calculating the sensitivity coefficient of each input quantity.

h) Calculating the combined standard uncertainty of the measurand.

i) Calculating the effective degrees of freedom of the combined standard uncertainty.

© IS0 2024 - All rights reserved
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j)  Choosing an appropriate coverage factor, k, to achieve the required confidence level.

k) Calculating the expanded uncertainty:.

In this document, the uncertainty of the measurement procedure is separated in three different clauses:

— the uncertainty components associated with the measuring system, see Clause 6;

— the uncertainty components associated with the device under test (ALHS), see Clause 7;

— the uncertainty components associated with the liquid delivery process, see Clause 8.

5 Mo

Each medsurement procedure has specific uncertainty components associated with the measurinjg system.

These un
the dual-
the optic

6 Sta

6.1 Ge

[t is possi
performi
according
repeatabi
based on|
deviation|

See ISO G

In additid
quantity

For exam
of the AL

Often the

ertainty components are described in the respective annex for each procedure.'See An
ye ratiometric photometric procedure, Annex B for the gravimetric procedure; and An
l image analysis of droplets.

dard uncertainty components associated with the measuring system

eral information on standard uncertainty componentsiestimation

le to experimentally estimate the standard uncertainty ef measurement, u(x), for a qua
hg multiple measurements of x under repeatability conditions. This is called a type A ¢

nex A for
nex C for

htity x, by
valuation

to ISO/IEC Guide 98-3. The standard deviation ,ofithe obtained values is a measure of the

lity of the measurement. The standard uncertainty associated with x can be a standard
previous experience (in the case where a single’measurement of x is made), or the
of the mean equal to stdev(x)/sqrt(n) (in the case where x is the average of n readings).

uide 98-3:2008, 4.2 for more information en'type A evaluation of standard uncertainty.

n to repeated measurements, the systematic component of the uncertainty of measurer

deviation
standard

nent for a

X is estimated by other means. This\is called a type B evaluation according to ISO/IEC Guide 98-3.

ble, one can obtain information ferthat estimation by considering the manufacturer’s sped
HS (e.g., resolution, linearity, drift, temperature dependence).

manufacturer’s specifications are given in the form of an interval covering the measurem

with no additional informatiop-regarding distribution or coverage. In those cases, the measureme

assumed
probabili

The inter

U (x]

to follow a uniform-or rectangular distribution. This distribution is characterised by a

ifications

ent value,
nt can be
constant

e8]

'y inside the interval while the probability outside the interval is zero.
val can be usedin a type B evaluation to give the variance of x in the form shown in Formpla (1):
_(a,<ary”

12

where

u?(x)

is the variance of the variable x;

a, and a_ give the upper and lower limits of the interval of the variable x.

The 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 uncertainty.

© IS0 2024 - All rights reserved
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6.2 Specific information on standard uncertainty components estimation

Specific information regarding standard uncertainty components particular to the dual-dye ratiometric
photometric, gravimetric, and optical volume measurement procedures is given in Annex A, Annex B and
Annex C, respectively.

7

Standard uncertainty components associated with the ALHS

7.1 General

Subclauses 7.2 and 7.3 describe uncertainty components, which can influence the operation and performance
of the ALHS Depending on the specilfic ty pe o and liquid used, additional uncertainty compo

be identiflied.

7.2 ALHS-type specific influencing parameters

The folloyving parameters can impact the liquid delivery process, depending on the type of ALHS u

7.3 Testliquidproperties influencing ALHS operation

exchangeable components, e.g., type of tips and others (see ISO 23783-1:2022,.6.8);

air cyshion effects (if applicable, e.g., for air-displacement or liquid-filledpiston-operated ALH
air gap);

system liquid effects:

— dissolved gases in the system liquid,

— ipternal dilution effect of the sample with system liguid,
— tpmperature sensitivity of the system liquid;
envirjonmental effects on the deck of the ALHS:

— rate of air flow,

— dir temperature,

— relative humidity,

— harometric pressure;

vibration effects;

electrostatic effects:

surface-tension;

ents can

sed:

S with an

viscosity;

density;

content of dissolved gas in the test liquid (formation of micro-bubbles);
vapor pressure;

Weber number (contact-free dispensing), see Reference [1].

© IS0 2024 - All rights reserved
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7.4 Standard uncertainty of ALHS resolution

The standard uncertainty related to the resolution can be determined according to Formula (2):

Ares
u(res)= (2)
V12
where

u(res) isthe standard uncertainty related to the resolution of the ALHS volume selection device;

Ares is the actual or estimated resolution of the volume selection device of the ALHS.

NOTE1 |The uncertainty related to the resolution of the ALHS is included in the uncertainty budget| when the
measurenjents are dependent on the direct reading of the output volume. The uncertainty of the resolutjion is also
included when estimating the uncertainty of the systematic error e.

NOTE 2 | The physical resolution of an ALHS is not necessarily the resolution displayed in the-ALHS’ soffware. For
example, different syringe sizes can be mounted on the same stepper motor. The resolution'cf the stepper motor will
translate ijnto various volume resolutions, depending on the size of the syringe mounted on‘the motor.

7.5 Standard uncertainty of cubic expansion coefficient (optional)

The corrgction of a measured volume at test temperature to a refererice temperature is optjonal, see
[SO 23788-2:2022, Clause 7. If this correction is performed, this subglatse applies.

The stanflard uncertainty related to the cubic expansion coefficient y is dependent on knowledge of the
actual mdterial of the artefact and on the source of the data, which provides an appropriate value. Data from
the literafure or manufacturer can be used for the expansion coefficient, and this value would be|expected
to have afrelative standard uncertainty of 5 % to 10 % of'the expansion coefficient, see Reference [|2].

For devices with an air cushion, the thermal effects.en the cubic expansion coefficient and the a:|r cushion
are entangled and need to be considered in tandem or determined experimentally. The details of this
entanglement are beyond the scope of this document.

7.6 Standard uncertainty associated with air cushion effects (optional)

If applicaple, the standard uncertainfy‘related to the air cushion effect u( AV,,q, ) depends on the gize of the

air cushipn that is related to thelifting height in the pipette tip and can be calculated accprding to
Formula (3), which is based onthe information given in DKD-R 8-1:2011, 8.7, see Reference [3]:

u(AV}yep )= \/(U(VAP)XCVA[J )2 +(u(VAhr )XCVAhr )2 +(u(VAtL )XCVAtL )2 3)
where

u(Avy ) 'is the standard uncertainty related to the air cushion effect;

u(VAp) is the standard uncertainty attributed to air pressure variation during the tests;
u(VAh,)  isthe standard uncertainty attributed to the humidity variation during the tests;

u(VAt;)  isthestandard uncertainty caused by variation between the testliquid temperature, air tem-
perature and temperature of the ALHS under calibration;

C:

; are the sensitivity coefficients related to each uncertainty component.

The variations of each parameter are determined experimentally during the test, and only apply to ALHS
which have an air cushion. Variations of these parameters are influenced by the size of the air cushion

© IS0 2024 - All rights reserved
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relative to the volume of the aspirated test liquid, the test liquid’s vapor pressure, and whether the tip has
been pre-wetted or not.

The sensitivity coefficients c; related to the air cushion effect from pressure, relative humidity and
temperature can be derived from DKD-R 8-1, see Reference [3].

8 Repeatability and reproducibility of the liquid delivery process

8.1 Repeatability (experimental standard deviation)

Annexes A, B and C allow the determination of the standard uncertainties associated with the respective

measurer
experime
the stand
in Formu

8.2 Reproducibility

The unce
be includ

a) Alab

Tent procedure. Toderive the stamdard uncertainty associated with the tiquid detivery pr
ntal standard deviation needs to be included. When the mean delivered volume is the, i
ard deviation s, is divided by the square root of the number of repeated measurements’n,

a (4):

Sl"
Jn

is the standard deviation of the mean volume V ;

is the repeatability standard deviation;

is the number replicate measurements.

rtainty related to the reproducibility of V. (from one test of the ALHS to the next test) alsq
bd. There are several methods to deterniine this uncertainty contribution:

pratory can perform experimental$tudies where the ALHS test is performed multiple tin

cess, the
pasurand,
as shown

(4)

needs to

hes under

different reproducibility conditions) (see also SO 23783-1:2022, 3.40 “reproducibility” and

IS0 23783-3:2022, 5.3.2 “experiment”) and the reproducibility standard deviation of the mea
result V is calculated, symbol s3(V );

b) Ifno
by A

NOTH Sometimes, the value for reproducibility can be inferred from the declared “accuracy” or “

error

estimpte the reproducibility as 2,9 % according to Formula (1).

The influ
on the ty

such information is available, a value for reproducibility of the selected volume can be

' of the ALHS For example, an ALHS with a 5 % specification for accuracy (systematic error) can

brce.of environmental conditions on the reproducibility of ALHS performance can vary d

surement

provided

LHS manufacturers-or third parties. As no further information on the variation of individual
meagurements is taken,into account, a rectangular distribution is suggested.

ystematic
be used to

epending

beof ALHS used and needs to be determined experimentally.

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
characterising the uncertainty of measurement can be written according to Formula (5):

u? :ZC,-Z xu? (x;)
i

where:

© IS0 2024 - All rights reserved
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is the variance characterizing the uncertainty of measurement;

uz(x,-) are the variances associated with each input quantity which contributes to the final result

(described by the model);

are the squares of the sensitivity coefficients giving the degree of influence of each individual

standard uncertainty.

The sensitivity coefficients can be determined by evaluating the partial derivatives of the measurement
equation, by numerical simulations, or by physical experiment. In the case of this technical report, it is
possible to obtain explicit functions for many sensitivity coefficients by evaluating the partial derivatives as

shown in

Clause 10.

In this d‘jcument, the uncertainty components are described in groups corresponding to Clauses+, 7 and 8.
For the mean volume of a calibration or test, Formula (6) applies.

u? (V

2
uys (

2
UALHY

2
ULpp

2 (N2 (DN..2 (D
=ups (V) +uaLus (V) +uipp (V)

is the variance characterising the uncertainty of the mean volime in a test or calib
/) is the variance characterising the uncertainty due to the'measuring system;
(]7) is the variance characterising the uncertainty due‘to the ALHS;

V) isthevariance characterising the uncertainty due to the liquid delivery process.

When reporting uncertainty of the mean delivered volume (n replicates), the two liquid deliver
varianceq (see Clause 8) are combined as shown in Eopmula (7).

2
Urpp
where
Sr
5t
n
55 v
10 Sens
The sens
approach
a) from

V)= 455(V)
n

is the repeatability standard deviation;

is the variance of the mean volume due to the repeatability of the ALHS;

is the variahce of the mean volume due to test process reproducibility.

jitivity coefficients

itivity coefficients for the measurement procedure can be derived using any of the

(6)

ration;

y process

(7)

following

es:

the mathematical model of the measurement;

b) experimentally from comparison studies;

c) derived and reported as relative values as percent of the measurand (e.g., EURAMET cg-18 for air
density, Reference [4]);

d) available from literature values;

e) numerical simulation.

© IS0 2024 - All rights reserved
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Sensitivity coefficients specific to each type of measurement procedure (photometric, gravimetric and
optical) are given in Annex A, Annex B and Annex C, respectively.

11 Coverage factor k

In order to calculate an appropriate coverage factor k fora 95 % confidence level (see ISO/IEC Guide 98-3:2008,
Annex G), the effective degrees of freedom v are estimated by means of the Welch-Satterthwaite equation

as shown in Formula (8):

uy
Veff ==, 2 (8)
i=1 Vi
where

Vor 4re the effective degrees of freedom for the measurement;
uy s the combined standard uncertainty of the measured volume;
ils the standard uncertainty of each component;

v; 4re the degrees of freedom of each component.
For 10 ormore measurements, k can be calculated or k = 2 can be usé€dif the individual standard urcertainty
values hae a similar weight in the combined uncertainty. For less\than 10 measurements, k is calcplated.
12 Expanded uncertainty of measurement associated with the mean volume

The expahded uncertainty of the mean volume V is expressed according to Formula (9), where the|standard
uncertairty is multiplied by the coverage factor k.

U(V)Eu(V)xk 9)

where

U(V)| is the expanded uncertainty of the mean volume;
u(V)| isthe standard uncértainty of the mean volume;

k is the coverage/factor.

13 Examples for'determining the uncertainty of the volume measurement of ALHS

13.1 Measurement conditions

When reporting measurement results and the associated uncertainty information, it is necessary to
understand and interpret the report. A comprehensive list of required and recommended information to be
included in the reports is found in ISO 23783-3:2022, Clause 6. The uncertainty related to the reproducibility
of V (see 8.2) also needs to be included.

For each example in this document, measurement conditions are described in appropriate sub-clauses
within the Annexes.

© IS0 2024 - All rights reserved
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13.2 Results

13.2.1 Standard uncertainty of the ALHS mean volume

The standard uncertainty of the mean delivered volume is calculated according to Formula (10):

u(V)= \/“1%/15 (V)+uipps (V) +ufpp (V)

13.2.2 Expanded uncertainty of the measurement

The expa

ded uncertainty of the measurement is calculated by multiplying the standard uncertai

(10)

ty of the

measurer
part of th

Uuw)

where x|

NOTE 1
ISO 23783

13.2.3 Result of measurement

The oven
expresse

where V)

NOTE
each Anne¢

13.2.4 C

The num
applicabl

appropris

13.2.5 Remarks.on conformity with ISO/IEC Guide 98-3

The term

=V+UW)  (k=x;)

nent by the coverage factor k, according to Formula (11). The numerical value of k is re
e result.

Eu(V)xk  (k=xp)

is the value of k used in the calculation of the expanded uncertainty of thie. mean volume

This expanded uncertainty is the measurement uncertainty of the'calibration as des
-3:2022, 6.1.3 a).

1 as shown in Formula (12).

5,014 pl + 0,012 pl (k = 2)

is the overall result of the measurement including the expanded uncertainty.

The numerical values are given forillustration only. The particular values for each example al
.

aution regarding use of humerical values in this report

prical values of thedquantity estimation, standard uncertainty, and sensitivity coeffid
b to the specific-situation described in each example and are often volume dependent
ite to use the-yalues given in this technical report for other situations or volumes.

“random error” as used in the ISO 23783 series is equivalent to the term “experimental

ported as

(11)

cribed in

all result of the measurement, including the expanded uncertainty of measuremeng, can be

(12)

e given in

ients are
[t is not

standard

deviatio

" used in ISO/IEC Guide 98-3

There is no direct equivalent to “systematic error” eg as used in the ISO 23783 series that is found within
ISO/IEC Guide 98-3.

NOTE 1

The term “instrumental bias” is found in ISO/IEC Guide 99 and is similar to “systematic error of
measurement” provided the ALHS is considered a liquid measuring instrument and care is taken regarding a positive
or negative numerical sign in the result.

To evaluate the uncertainty of the systematic error of measurement, a volume difference V}, can be defined,

as shown

in Formula (13).

VD =VS —V

© IS0 2024 - All rights reserved
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where

Vp is the volume difference between the selected volume and the average of all delivered volumes;
Vs is the selected volume, the volume intended to be delivered;
V is the average of all measured volumes.

The uncertainty of this volume difference Vp will include the uncertainty associated with the mean volume
V and possibly an uncertainty associated with the resolution or setting of the selected volume Vs (see 7.4).
The uncertainty of the “volume difference” u(Vp) and the uncertainty of the “systematic error of

”

measurement

”(DD) are identical prr\viﬂnﬂ that the nhr‘nr‘l’:&infy intervals are cymmofrir’ as-isthe case in

the examples of this document.

NOTE 2 |The “systematic error” eg =I7—VS used within the ISO 23783 series is reversed in sign lompdred to the
volume difference VD , the “measurement error”, and the “instrumental bias” as defined in ISOAEC Guide 99.

© IS0 2024 - All rights reserved
9


https://standardsiso.com/api/?name=4b8b1d6eae29b8eb4b0797a9ab3924c3

A.1 De

Absorbarn

absorban
384-well

Absorban

determin

The Pong
solution U

The unkn

containi
each well
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Annex A
(informative)

Dual-dye ratiometric photometric procedure

scription of the measurement

M aSUTeeT e Tade I either 96-We o 384-We MICToD 5T

microplates have a square-shaped cross section.

ed in cuvettes with 10 mm optical path length using a reference grade spectrephotomete

eau S test liquids used in this procedure contain the same concentrdtion of CuCl, as
sed as diluent.

g test liquid in its wells is placed on a plate shaker to mix thé'two liquids and level the m{
The microplate is then placed in the absorbance plate feader, and the absorbance at 52
determined for each well. The volume of delivered Poneeau S test liquid is calculated acqg

3 3 3 3 J_Mmicroplate
ce reader. Typically, the wells of a 96-well microplate have a round cross-section, whil¢ those of

ce per unit path length values of the Ponceau S test liquid and copper(Il) chleride solytions are

Ir.

the CuCl,

own volume of Ponceau S test liquid is delivered into the wellscof\a microplate. Depencirirg on the
amount (‘)JfPonceau S testliquid, a non-quantitative amount of CuCl, can be added to the well. The nji

croplate
bniscus in
0 nm and
ording to

Formulad (A.1) to (A.4).

A.2 Mqdelling the measurement

The amot

Formulad (A.1), (A.2) or (A.3), and (A.4).

a)

b)

Int of test liquid delivered into one well of the microplate is calculated in three steps, acdording to

The {ill height of the well is equal to the optical path length of the absorbance measurement and is

calcullated according to Formula (A.1).

A
1=2430

l is the opticalpath length (fill height of the well);
Az30 | is the.measured absorbance at 730 nm;

a, is the absorbance per unit path length at 730 nm of the CuCl, solution.

(A1)

The well geometry of a round well in a microplate can be described by the shape of a truncated cone.

The liquid volume contained in such a round well is calculated according to Formula (A.2).

2

Vw :7r><1><DT+7r><D><12><tam9

2
tan“ @
raxBx—"2
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where

Vy is the total liquid volume in the well;
D is the diameter of the well bottom;
0 isthe side wall taper angle.

The well geometry of a square-shaped well in a microplate can be described by the shape of a truncated
square pyramid. The liquid volume contained in such a square-shaped well is calculated according to

Formula (A.3).

Pt r—wg Y ]
+ A.3)

h 3x h?

wg s the bottom width of the well;
wq s the top width of the well;
h s the height of the well.
c) The yolume of delivered Ponceau S test liquid is calculated accordingto Formula (A.4).

A
Vi =Wy x| 2o x| 2520 (A4)
a. ) { A730

Vo is the volume of dispensed test liquid;
is the absorbance per unit path lengthiat 520 nm of the test liquid,
Az | is the measured absorbance at/520 nm.

For measurements in round wells forming truncated cones, Formulae (A.1), (A.2), and (A.4) cdntain six
input varfables. Four of these inputsare absorbance values, and two are related to the well geomeitry in the
microplate.

For measurements in square-shaped wells, Formulae (A.1), (A.3), and (A.4) contain seven input yariables.
Four of tHese inputs are absorbance values, and three are related to the well geometry in the micrgplate.

A.3 Standard uncertainty components associated with the input quantities to|the
dual-dyje ratiometric photometric procedure

A.3.1 Apsorbance per unit path length of CuCl, solution (a;,)

This solution is prepared according to ISO 23783-2:2022, B.3.4.2 and the absorbance per unit path length
will be approximately 0,61 AU/cm (0,061 AU/mm).

According to 1SO 23783-2:2022, Table B.1, the spectrophotometer used to measure the absorbance per
unit path length has a minimum resolution of 0,000 1 AU, repeatability of 0,000 15 AU, and linearity of
0,000 25 AU. A cuvette of known path length is used, typically 10 mm. For this example, the uncertainty in
the knowledge of the cuvette path length is 0,005 mm.

Treating all these uncertainty sources as rectangular distributions, the combined relative standard
uncertainty of a;, is 0,002 89 AU/mm for the example given in Table A.1 of this Annex.

© IS0 2024 - All rights reserved
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A.3.2 Absorbance per unit path length of Ponceau S test liquid (a,)

Ponceau S test liquids are prepared according to ISO 23783-2:2022, B.3.4.3 and the absorbance per unit path
length will vary depending on which of the six test liquids are prepared. For this example, measurements at
1,0 pl, test liquid No. 5 is used, and the absorbance per unit path length will be approximately 185 AU/cm
(18,5 AU/mm).

The spectrophotometer used to measure this absorbance has the same resolution, repeatability and linearity
as described in A.3.1. The uncertainty of cuvette path length is also the same as in A.3.1. For measurements
of high absorbance, a dilution is prepared, with a relative standard uncertainty of 0,007 1 %.

Combining all these uncertainty sources, the relative standard uncertainty of a, is 0,003 17 AU/mm for the
example ivenin Table A 1 ofthis Annex

A.3.3 Measured absorbance at 520 nm (45,,)

Absorbarjce at 520 nm is measured using an absorbance microplate reader with the mipimum perfformance
requiremgents of ISO 23783-2:2022, Table 4. Photometric resolution is 0,001 AU with trueness of 0,005 AU in
the range of 0 AU to 1,0 AU.

In this expmple, the measured absorbance at 520 nm is 0,593 AU with a standard\uncertainty of 0,002 94 AU.

A.3.4 Measured absorbance at 730 nm (4,3,)
Absorbarice at 730 nm is measured using the same absorbance micreplate reader described in A.3{3.

In this example, the measured absorbance at 730 nm is 0,369 AU:with a standard uncertainty of 0,002 94 AU.

A.3.5 Uncertainty components of the geometric dimensions of microplate wells (D, )

Geometrir dimensions of the microplates are needed so that the path length of a filled well can be used tq calculate
the total yolume in each well of the microplate. Geomeétric dimensions can be obtained from manulfacturer’s
drawings| direct measurement of plates (e.g., by a ceordinate measuring machine), or other means.

In this expmple, a 96-well microplate is used,@nd Formula (A.2) applies. The well diameter D and tgper angle
6 each cafry uncertainty.

In this example, the diameter D is 6,359 mm and the taper angle 6 is 0,021 6 radians. The experfimentally
determingd uncertainty in D is 0,010)5 mm and the uncertainty in 6 is 0,000 855 radians.

A.3.6 Other uncertainty.components

The fill hpight I is calculated according to Formula (A.1) and the uncertainty in fill height is basdd on 43,
(see A.3.4) and a;, (see’A:3.1). Uncertainty in the fill height is included as part of the mathematical analysis of
the contribution fromrthese two input variables (4,3, and a,) and the sensitivity components in A.4, so there
is no need to include fill height as a row in Table A.1.

The natufal/constant 1 is found in Formula (A.2). In principle, the uncertainty of this constant ils zero. In
practice, [h€uncertainty of m is limited by internal rounding within the calculator. With modern [software,
the uncertainty contribution due to internal digital rounding is negligible.

A.4 Sensitivity coefficients

For the example provided in Table A.1, there are six input variables. Sensitivity of each input variable can be
expressed as a formula which is derived from an analysis of partial derivatives for the Formulae in A.2. The
variables found in these formulae are all described in A.2.

© IS0 2024 - All rights reserved
12


https://standardsiso.com/api/?name=4b8b1d6eae29b8eb4b0797a9ab3924c3

ISO/TR 6037:2024(en)

The sensitivity of the test volume to errors in Ag, is given in Formula (A.5):

vy Uy
dAsz0  Aszo

(A.5)

Formula (A.6) gives the sensitivity of the test volume to errors in the absorbance per unit path length of the
Ponceau S test liquid.

Wy -V
T__"T (A.6)
da, a,
The sensitivity of the test volume to errors in A, is given in Formula (A.7):
2 2 2
{D +D><tan9><A730 +tan 0x A7z
wWr| V. 4 a ap
T _ T b - b — -1 [A.7)
dA730 Az30 || D , Dxtan6x4z5,  tan” 6xA7s
4 2xay, 3xa?

Formula [A.8) gives the sensitivity of the test volume to errors in the absorbanee per unit path|length at
730 nm of the CuCl, solution.

[Dz Dxtan@xA;3 N tan® 0><A330 }

+
Wy | V. 4 a z
day, | ay D? DxtanOx 44, N tan“ 0x 473
4 2xay, 3xal

Formulag (A.9) and (A.10) are sensitivities of the test volume to the bottom diameter D and taper angle 6 of
microplates which form a truncated cone.

V. A Agz9 Xtan
oD | 2 a, a,
V- A A D 2xHA,;,xtan6
T L5 2920 5 7730 s sec? x| =+ 730797 (A.10)
20 a, a, 3xay,
NOTE The symbol sec refers to the trigonometric function secant which is the multiplicative inverse of fhe cosine.

A.5 Example for determining the uncertainty of the volume measurement of an ALHS
with the dual-dyesatiometric photometric procedure

A.5.1 Measurement conditions

The meadurement conditions for this example are as follows:

— twelve-fold measurement of a selected volume Vg of I [l of test liquid (Ponceau S test liquid No. 5,
according to ISO 23783-2:2022, Annex B), delivered by a single-channel pipetting ALHS;

NOTE Twelve replicates were used in this test to fill one row of a 96-well microplate.
— spectrophotometer meeting the minimum requirements of 1SO 23783-2:2022, Table B.1;
— absorbance microplate reader meeting the minimum requirements of ISO 23783-2:2022, Table 4;

— thermometer and other measuring instruments meeting the requirements of ISO 23783-2:2022, Table 5;

— mean volume: V = 1,060 pl;

© IS0 2024 - All rights reserved
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— random error of measurement (standard deviation, n = 12): 5, = 0,025 9 pl;
— standard deviation of the mean s, (17) =S5, /\/1_ =0,007 5 ul;

— systematic error of measurement: eg = V- Vs =+0,060 pl.

The determination of the uncertainty for these conditions is given in Tables A.1 and A.2. Contributions from
the optional uncertainty components described in 7.5 and 7.6 are not included in this example.

Table A.1 — Measuring system standard uncertainty

Uncertainty Unit | Sym- | Estima- Distribu- | Standard | Sensitiv- | Uncertainty | Degrees | Per-
component bel tion tion HReertain ity contribution—offree cent
ty coeffi- ul dom:| |contri-
cient bution
%
Absorbankce AU/ a, 0,061 normal 2,89x10-3 | 7,05x10-1 2,04x103 o0 8,9
per path (uCl, | mm
Absorbankce AU/ a, 18,5 normal 3,17x10-3 | 5,73x10-2 1,825%10°4 o 0,1
per path mm
Ponceau §
Absorbanice at AU AsHo 0,593 rectangular | 2,94x10-3 1,79 5,26x10-3 0 59,4

520 nm of mix-
ture in wgll

Absorbanfeat | AU | Ajg 0,369 | rectangular | 2,94x10-3 {)I316x101 | 3,43x10-4 3 0,3
730 nm of mix-
ture in well

Well dianeter | mm D 6,359 normal 1,05%20-2 | 3,27x10-1 | 3,43x10-3 3167 25,2

Taper angle radi- 0 0,021 6 normal 8,55x104 1,99 1,70x10-3 3167 6,2
ans

Measuring ul Uys 6,83x10-3 | >10000 | 100

system stand-

ard uncefr-

tainty?

a  Measuring system standard uncertainty is the square root of a summation of all values in this table according to Fprmula (5).
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Table A.2 — Combined standard uncertainty of the mean volume

Uncertainty Unit | Symbol | Distribution | Standard | Sensitivity | Uncertainty | Degrees | Percent
component uncertainty | coefficient | contribution | of free- | contri-
ul dom bution
%
Measuring sys-| ul Uyis normal 6,83x10-3 1 6,83x10-3 10 000 3
tem standard
uncertainty 2
ALHS standard UALHS see footnote b
uncertainty b
Experimental ul s (V) normal 7,48x10-3 1 7,48x10-3 11 3
standard de- '
viation of|the
mean ¢
Reproducj- ul sy(V) normal 4,14x102 1 4,14x102 5 94
bility of the
calibratiop ¢
Standar(i ul u(v) normal n/a n/a 4,26x10¢ 6 100
uncertaipty
of the mean
delivered
volume
a  Measuring system standard uncertainty is taken from Table A.1.
b Includpd in the reproducibility of the calibration s ( 14 ). The reproducibility study was performed over the cours¢ of several
days and captured the uncertainty components described in Clause 7.
¢ Standqrd deviation of the mean and reproducibility of the calibration are described in Clause 8. Values for both are from
unpublishgd experimental data provided by Artel. These components‘describe the standard uncertainty of the liqujid delivery
process, ujpp, which has a value of 4,20x10-2 ul in this example [seg\alSo Formula (7)].
A.5.2 Results
A.5.2.1 |[Standard uncertainty of the ALHS mean volume
The standard uncertainty of the mean delivered volume is calculated according to Formula (10):
u(V)£0,042 6 ul
NOTE See Table A.2 for theSource of the 0,042 6 pl value.
A.5.2.2 |[Expanded uficertainty of the measurement
The expahded unceptainty of the measurement is calculated by multiplying the standard uncertaipty of the
measurement byrthe coverage factor k, according to Formula (11). In this example, a coverage factor of (k =
2,45) is uped based on the six effective degrees of freedom calculated and shown in Table A.2. The [value of k
can vary [sée Clause 11).
U(V)=0,042 6 ul x 2,45
U(V)=0,10ul  (k =245)
A.5.2.3 Result of measurement

The overall result of the measurement, including the expanded uncertainty of measurement, can be
expressed according to Formula (12):

Vy=1,06pul%0,10 ul (k= 2,45)
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A.5.2.4 General remarks

For the example given in Table A.2, the uncertainty associated with the day-to-day reproducibility of the
ALHS being tested comprises 94 % of the overall test uncertainty. This is typical of many (but not all) ALHS
calibrations where the overall calibration uncertainty is dominated by the repeatability and reproducibility
of the liquid delivery process.

The numerical values of the quantity estimation, standard uncertainty, and sensitivity coefficients in this

example apply only to this example and are not applicable to other uncertainty calculations. Other numerical
values will result in different uncertainty budgets.
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Annex B
(informative)

Gravimetric procedure

B.1 Description of the measurement

In the gryvimetric measuremer pT i i red by The Instrument under
calibratign (ALHS) 1nto a vessel that will be welghed on a balance. Ambient conditions arer€¢orded so
that the liquid density and air density can be determined and, consequently, the delivered volume can be
calculated from these data.
Furthermore, the influence of possible evaporation and possible temperature difference of the ALHS from
the refergnce calibration temperature are taken into consideration as corrections in the mathematical
model of the volume determination.
The folloyving variations of the gravimetric procedure are addressed in thistdocument:
— single-channel delivery into one well;
— regrgssion analysis.
B.2 Maqdelling the measurement
B.2.1 General gravimetric formula
The genefal formula for calculation of the volume at the test temperature from the weighing vajue of the
delivered| test liquid as described in ISO 4787 is\given by Formula (B.1). The determination of the mass of
the test liquid (.mmeasur'ed) ('iep.ends on 'Fhe type of gravir'netri§ measurement method, e.g., singlg-channel
analysis, hnalysis of deliveries into multiple;wells, or gravimetric regression analysis.
1 Pa
VL =(Mmeasured )X ———%| 15— (B.1)
PL=PaA PB

where

VL is the cdlculated volume of test liquid at the test temperature, in ml;

M edureq  1SEhe€mass of the delivered testliquid, in g;

Pa is'the density of air, in g/ml (see Formula (B.4) below);

PR is-the actualorassumed-density of the weights used to-calibrate the balance ing/iml;

PL is the density of the test liquid at the test temperature, in g/ml.
NOTE Stainless steel weights of density 7,95 g/ml or 8,0 g/ml are typically used for balance calibration.
B.2.1.1 Single-channel analysis

For the single-channel gravimetric analysis, the mass of the test liquid is determined according to

Formula (B.2).

mmea

sured = My, —Mg +Meyap
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where
m;,  isthe balance indication of the weighing vessel after liquid delivery, in g;
mg  isthe balance indication of the weighing vessel before liquid delivery, in g (m; = 0 in case the balance
was tared with the weighing vessel);
Mey,p 1S the estimated mass lost to evaporation during the weighing process, in g.
B.2.1.2 Regression analysis

For the gravimetric regression analysis, the mass of the test liquid is determined according to Formula (B.3).

mmea

where

My fiet

Mpefd

Detailed

B.2.2 A

Air densi
smaller u

The simpflified formula for the air density, given innEormula (B.4), can be used at temperatures

15 °C and

and 80 %

bured = Mafter — Mpefore

is the mass calculated by linear regression of the recorded balance readings after the d
test liquid, extrapolated backward to the time of delivery (t4.);

is the mass calculated by linear regression of the recorded balafice’readings before th
of test liquid, extrapolated forward to the time of delivery (¢ ):

re

modelling of the regression analysis method is described in-B{2.6.

ir density

ty can be calculated as described in CIPM-2007[2Pand densities calculated this way w
ncertainty than the two alternatives given in this clause.

27 °C, barometric pressure between 600 hPa and 1 100 hPa, and relative humidity betw

Pa =
where

Pa 1

ty i

i

is the baronietric pressure, in hPa;

1 ><0,34-8 48Xp—0,009><hrXe(0,061><tA)
L 000 ta +27345

s the air density, in-gy/ml;

s the ambient.temperature, in °C;

s the velative air humidity, in %.

(B.3)

elivery of

e delivery

ill have a

between
een 20 %

(B.4)

Another

nmmnn]y used formula for air r]pncify is described in Qpim/\mr‘l{'c \Amrl(’ see Reference [Fx]

B.2.3 Testliquid density

The density of the test liquid can be measured to varying degrees of accuracy using calibrated hydrometers,
pycnometers, or oscillation type density meters. Liquid density changes with temperature, therefore it is
necessary to either measure density at the test temperature or apply a temperature correction when the test
temperature differs from the temperature of density measurement. An example of temperature corrections
to measured liquid density is given in Reference [7].
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When pure water is used as a calibration liquid for density measurement devices, or is used as the test
liquid for ALHS testing, the density of pure water can be calculated from formulae given in the literature.
Formula (B.5) given by Tanakal8l can be used (suitable for measurements conducted between 0 °C and 40 °C).

2
[ty +ay )" X(tw +a;)

(B.5)

Pw =51 az X(tyw +ay)
where

pw s the density of water, in g/ml;

tw isthe water temperature, in °C;

a, 13,983 035 °C;

a, 301,797 °C;

as; $225289 (°C)%

B.2.4 E

For singlg
more eva
no test 1
weight ar
Formula

For the r¢
the meas

B.2.5 M
Combinin

values mj
described

VL =(

B.2.6 M

Combinin
mass vali

a, 19,348 81 °C;

,999 974 950 g/ml.

stimating evaporation

e-channel analysis (see B.2.1.1), the mass lost to evaporation is estimated by using data

of one or

poration trials. These trials are accomplished by duplicating the weighing process while dlelivering

quid. The mass lost to evaporation creates a difference between an initial weight
d is used to determine the value of m whichds-added to the measurement result acd

evap
B.2).

poression method (see B.2.1.2), the mass lost to evaporation is automatically compensat
irement method and does not need to be’estimated independently.

odelling the gravimetric single-=channel method

g Formulae (B.1) and (B.2) résults in Formula (B.6) for calculating the delivered volume.
and my are balance indications, and the evaporation value m is experimentally est
in B.2.4.

evap

m;, —mg +mevap)xﬁx[1—g—‘q]
L™ FA B

odelling.the gravimetric regression method

g Formulae (B.1) and (B.3) results in Formula (B.7) for calculating the delivered volume
1es (M}, orore aNd M ¢,,) are not read directly from the balance indication but instead are g

and final
ording to

bd within

The mass
mated as

(B.6)

. The two
alculated

from a se6

ries of balance indications using a regression mmlycic In this case the effect of evap

included in the calculated mass after delivery, and therefore the evaporation term is omitted.

WL =(

L~ PaA PB

pration is

1
Mafter —Mpefore )Xp—x(l_p_A] (B'7)

Figure B.1 illustrates the graph of a typical measurement with the gravimetric regression method.
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tdel

Y a

440,45

440,35

440,25

440,15

440,05
0 10 t

Key
e balance readouts
- linear regression
. confidence interval
a settling time of the balance (mass recorded during this timé\is'not used in calculations)
t time in s
Y mass in mg

Figure B.1 — Graph of a typical measurement - Thelinear regressions of the recorded mass before
(Myefore) and after (m,g,.,) testliquid delivery (t;.;) shown as a function of time

Assuming a constant evaporation rate, the mass has a linear relationship to time as shown in Fornjula (B.8).
By taking the random measurement error.into’account, the balance readings I; can be expressed as|shown in
Formula (B.8).

I; =n); +&; =By — B Xt; +¢; [B.8)
where

I; is the i-th balahce readout, in mg;

& is the random error between the linear regression model and the i-th balance reading, ip mg;

m; is thes~th mass reading of the balance, in mg;

t; isthe time at which the i-th mass reading was acquired. in s:

B, istheregression parameter B, (see Formula (B.10), in mg;

B;  istheregression parameter B; (see Formula (B.11), in mg/s.
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To determine the regression parameters B, and By, the least-squares method is applied, which is a technique
commonly used in regression analysis. The method seeks to minimize the sum of the squared residuals ¢; as

shown in Formula (B.9):

Ze 2 (I, =By — By xt; ) (B.9)

i=1

The regression parameters B, and B; can be calculated using Formulae (B.10) and (B.11):

n 2 n n n
Zi:1ti xzi:1’i _zizlti X izltili (B.10)
2 [xan \?

Awmil
"2zt t \ Zaiztl)
1xzr_1_ ti1; —zr_l_lt,- xZ?_ll,-

B, = = (B.11)

nx Y 2 (21 & )

The linegr regression parameters (Bg pefore aNd By pefore)s @S Well as (Bg 4¢rer aDAB] 4pe) are dgtermined
according to Formulae (B.10) and (B.11) based on two series of balance readduts before and affter liquid
delivery. [[he first series for (By,pefore aNd By,pefore) Starts when the data acquisition starts and erjds at ;.
The second series starts at (¢4, + settling time a) and ends when the data acguisition ends.

BOZ

The settling time a of the balance is the time the balance needs to reach the steady state again aft¢r loading
(e.g. impipging drop from an ALHS). The settling time is based on{the balance manufacturer's data sheet;
typically,|6 s to 20 s.

To calculpte the masses m_ . and my .. at time t; based 01 the linear regression analysis, it jhas to be

distinguighed between two cases, the time before and aftérthe test liquid delivery ¢g4,, calculated| by linear
regressiopn, as shown in Formulae (B.12) and (B.13):

For t; 2t :

Mageef (¢;) = Bo after + B1 after Xti (B.12)
For ti Stdel .

Mpegope (£) =Bo pefore + B1,pefors 3ti (B.13)

where

Myt s the projected mass value at the time i, based on the linear regression of post-deliyery mass
values;

My rdee(ty) iSthe projected mass value at the time i, based on the linear regression of pre-deliyery mass
values;

By after IS tHE liNear regression parameter B after the delivery,
Bopefore 1S the linear regression parameter B, before the delivery;
Biafer 1S the linear regression parameter B, after the delivery;
Bipefore 1S the linear regression parameter B, before the delivery;

tdel is the time of the test liquid delivery.
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B.3 Standard uncertainty components associated with the measuring system

B.3.1 Standard uncertainty of weighing

The general standard uncertainty u(m) related to an individual weighing value m is calculated according to

Formula (B.14):

u(m)
where

u?(m

u?(m

u(s

u?(m

Note 1

the value gorresponding to the selected volume.

The uncdrtainty of the balance indications can be taken fromthe balance calibration certific
expanded uncertainty in use is expressed. Otherwise, it can-be calculated by using the uncel
calibratidn and including non-corrected errors, as well as pessible drift and environmental effects
sensitivitly.

The uncertainty calculation for the weighing is determined considering that the weighing ves

removed

Note 2

negligible.

B.3.1.1

For the s

according to Formula (B.15)«

2 2 2
u(mrreasured):[u (my, ) +u” (mg)+u (mevap

where

u?(m

u?(m

u?(m

B.3.1.2

2 2 2 172

=[ v (Mipeasured )+ * (Sm)+u? (mey)) | (B.14)
is the variance associated with the standard uncertainty related to the weigHing value
m,in g;

easured) 1S the variance associated with the standard uncertainty related to the'balance indication
of the weighing vessel, in g;

n) is the variance associated with the drift of the balance, in g;

Fal) is the variance associated with the standard uncertainty felated to the calibration of the
balance, in g.

The uncertainty of the balance indications can be estimated accetding to Reference [9] or Reference [4] at

during the test. Additional uncertainties-can arise if the vessel is removed from the balan

The correlations found in mass measufements are, in the case of this gravimetric measurement |

Single-channel analysis

ngle-channel gravimetric analysis, the uncertainty of the mass of the test liquid is d¢

) (

hte if the
'tainty at
o balance

sel is not
ce.

brocedure,

termined

3.15)

) is the variance associated with the standard uncertainty related to the balance indication of
the weighing vessel alter test liquid delivery, in g;
E) is the variance associated with the standard uncertainty related to the balance indication of

the weighing vessel before test liquid delivery, in g;

is the variance associated with the estimated mass lost to evaporation during the
process, in g.

evap)

Regression analysis

weighing

Though the linear regression method accounts for evaporation, it also introduces an error in the calculation
of Mg (tge) and Mpegore (Eger) due to the back projection of the mass value to time ty,. Since both,
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Mygeer (Ege1) AN Mpgrore (E4e1 ), are projected values in time, it is imperative to account for the uncertainties
that come from the prognostic calculation, denoted u(myge, (tge1)) and u(Myerore (t4e1))- The standard
uncertainty u(my.,sureq) related to the weighing value (m, . sureq) 1S calculated as shown in Formula (B.16):

1
2 2 Y
u(mmeasured ) _|:u (mafter (tdel ))+u (mbefore (tdel )):I (B.16)
where
u?(Myger(tze))  is the variance associated with the standard uncertainty of the mass calculated by
linear regression of the recorded balance readings after the delivery, extrapolated to
the time of delivery ty, 1n g,
U2(Mrore(tze))  is the variance associated with the standard uncertainty of the mas§ cdlculated by

Since line

the time of delivery t,, in g;

linear regression of the recorded balance readings before the delivery, extrapolated to

ar regression was used here to determine the mass at the time of delivery, the uncertainty of this

method must be determined. The uncertainty of my¢,,, is larger, since due to the'settling time the fime span
of the bpck projection to ty, is larger than for my,.. For determining the uncertainty| denoted
U(Mygrer (tger ) and u(mygrore (tqe1 ), derived from the regression analysis; the confidence interval has been
applied. This confidence interval covers the expectation value under a prgbability of (1 - «) at tim¢ ¢4, and
the half-width of the confidence interval is calculated according to Eeriulae (B.17), (B.18), and (B19):
1 (t—t)?
CI :mafter itl_a/z’n_z XSyX —+ . (]317)
To(n-1)x) - (e-T)?
i=1

where

C; is the half-width of the confidence interval;

t is the average time of n measurement points;

Sy is the standard deviation-of the random error ¢;

ti_a/pn—2 s the statistical tyvalue with n-2 degrees of freedom.

Fl DI (B.18)

T pli=t '
n 2 ! 2
D _E° 5 Ui =By —Byxt;)
5, = _ (B.19)
n n

The unceytainty u(m,.,) is the half-width of the confidence interval. The calculation for u(m,) follows
the same [principle.
B.3.1.3 Standard uncertainty of balance drift

Drift in the balance calibration can be evaluated by comparing the as-left calibration of the balance with
the as-found calibration at its next calibration interval. For more details regarding balance drift, see
Reference [4].

B.3.1.4

Standard uncertainty of the calibration of the balance

The uncertainty of the balance indications can be taken from the balance calibration certificate if the
expanded uncertainty in use is expressed. Otherwise, it can be calculated by using the uncertainty at
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calibration and including non-corrected errors, as well as possible drift and environmental effects to balance
sensitivity.

The uncertainty calculation for the weighing is determined considering that the weighing vessel is not
removed during the test. Additional uncertainties can arise if the vessel is removed from the balance.

B.3.2 Standard uncertainty of temperature

The standard uncertainty u(¢;) related to the temperature ¢, of the test liquid and the ALHS is calculated
according to Formulae (B.20) and (B.21):

1
u(ty )=l (¢ )+l (¢, )]/2 (B.20)

where

u(ty) is the standard uncertainty related to the temperature of the test liquid and ALHS;
u?(t, is the variance associated with the temperature of the test liquid;

u?(6t})  is the variance associated with the difference between the test(liquid temperature aind ALHS
temperature.

1
Upys ¥ %
where
Urms is the expanded uncertainty of the calibration of the temperature measuring system used to
measure the temperature of the testliquid, in °C;
k is the coverage factor used inithe calculation of the expanded uncertainty of the temperature

measuring system calibratien;

u?(rys) is the variance associated with the standard uncertainty related to the resolution of the used
temperature measuring system,;

u?(8|t)  isthe varianceassociated with the standard uncertainty caused by possible drift and ageing of
the temperature measuring system after its calibration.

B.3.3 Standard un€ertainty of test liquid density

Both exaiples ef-gravimetric analyses in this document use water as test liquid. The standard urjcertainty
related t¢ the ‘density of the test liquid, i.e., water, is calculated according to Formulae (B.22) fo (B.24).
When thq test liquid is not pure water, the uncertainties related to liquid density and thermal expdnsion are

The standard uncertainty u(p,,) related to the water density p,, is calculated according to Formula (B.22):

u(pw ) =] 4 (Pwform )+t (Sow ) +u* (P ¢ )}% (B.22)
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where

u(pw) is the standard uncertainty related to the density of water, in g/ml;

uz[pwform) is the variance associated with the standard uncertainty contributed by Formula (B.5). When
using pure water, the standard uncertainty contributed by Formula (B.5) has the value of
4,5x107 g/ml (see Reference [8]);

u?(Spw) is the variance associated with the standard uncertainty related to the water purity, in g/ml;
NOTE 1 If the quality of the water is of grade 3 according to ISO 3696, this uncertainty
contribution can be considered negligible. More information on how to estimate this uncer-tainty
contribution-can ha found in Rafarancac Q] and [21

Ehaiad et e ST EEEELED
u2(pyy o) is the variance associated with the standard uncertainty of the water temperature, which

depends on the expansion coefficient of the water f, see Formula (B.23), g/ml

u(pu ¢ ) =u(tw)xBxpw (8.23)
where

u(pw) Isthe standard uncertainty of the density of water at thie test temperature;

u(tyw] is the standard uncertainty related to the water temperature;
B is the thermal expansion coefficient of water;
Pw is the density of water.

The expapnsion coefficient of water f can be estimated as it is described in Reference [10] and |[shown in
Formula (B.24).

B =(40,117 6xt&, +15,846xtyy —62,677yx107°¢ °C’! (B.24)

where ty,[is the water temperature,

B.3.4 Standard uncertainty of air density

The standlard uncertainty-u(p,) related to the air density p, is calculated according to OIML R 111-1:2004,
section C|6.3.6[11] as shawyirin Formula (B.25):

2 2 2
u(pa))=pax [upAp—(pA)XU(PA)] +[wxu(%)] +[qu(hr)J +[uf0rm(pA)

A A Pa Pa

12

(B.25)

For the simplified air density given by Formula (B.4), the relative standard uncertainty due to Formula (B.4)
is Ugyp= 2,4 x 104,
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B.3.5 Standard uncertainty of weights density

The standard uncertainty u(pg) related to the weights density pg is obtained by the value presented in the
calibration certificate of the set of reference weights used in the analytical balance calibration. Alternatively,
the uncertainties corresponding to the used weight class according to OIML R 111-1[11] can be used.

NOTE

If EURAMET cg-18 (Reference [4]) or ASTM E898 (Reference [9]) are used for the calibration of the balance,
the standard uncertainty u(pg) related to the weights density pg is already taken into account and any further
consideration is not needed.

B.4 Sensitivity coefficients

The sens
annex to

tivity coefficients c; in Formula (5) are calculated as partial derivatives using formul
result in Formulae (B.26) through (B.29).

he in this

The senditivity coefficient ¢, related to the balance indication m.,q.req 1S calculated according to
Formula (B.26):
e1%
Lo 1 g Pa (B.26)

amme asured PL ~Pa PB

The sensifivity coefficient Cp, related to the testliquid density p; is calculated according to Formyla (B.27):
2

vy Pa 1

—F—-1xm X[1-—= x| —— B.27

apy, measured ( PB PL = Pa ( )
The sensiftivity coefficient Cpa related to the density of air ps\is calculated according to Formula |[B.28):

W (PB—pPL)

a_L = (Mpeasured )X E ZL (1.28)

P (PL=pPa)">PB

The sensitivity coefficient Cpp related to the dersity of the standard weights p,, is calculated acqording to
Formula (B.29):

aV p

a_L T Mmeasured X—Az (18.29)

Py (PL=Pa)*RB

The sensjtivity coefficients for the standard deviation of the repeatability, the reproducibility, and the

resolutiol

1 are 1in this case.

B.5 Examples fordetermining the uncertainty of the volume measurement of the ALHS

B.5.1 Exampleé.of testing a single channel ALHS with multiple replicates

B.5.1.1

Measurement conditions

The measurement conditions for this example are as follows:

— 12-fold measurement of a selected volume Vg of 200 pl of test liquid (water), delivered by a single-channel
dispensing ALHS;

— a4-place balance meeting the minimum requirements of ISO 23783-2:2022, Table 3;

— thermometer and other measuring instruments meeting the requirements of ISO 23783-2:2022, Table 5;

— mean volume: V =199,192 pl;

— random error of measurement (standard deviation, n = 12):5,= 0,576 pl;
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— standard deviation of the mean s, (?) =s, /\/1_ =0,166 pl;
— systematic error of measurement: eg= V - Vs =-0,808 pl.

The determination of the uncertainty for these conditions is given in Tables B.1 and B.2. Contributions from
optional uncertainty components described in 7.5 and 7.6 are not included in this example.

Table B.1 — Measuring system standard uncertainty of the single channel example

Uncertainty | Unit | Symbol | Estima- | Distribu- | Standard | Sensitivi- | Uncertainty | Degrees | Per-
component tion tion uncertain- | ty coeffi- | contribution| offree- | cent
ty cient ul dom con-

tribu-
tion
%

Weighing mg |Myeasured| 200 normal 2,0x101 1,004 2,01x101 oo 99,5

(measurefl) 2

Weights den- | g/ml PB 795 rectangular | 2,89x102 | 3,81x10-3 1,10x1074 o0 0

sity

Water density | g/ml Pw 0,997 4 | rectangular | 6,75x105 | 2,02x102 1,36x10-2 o0 0,5

Air density g/ml Pa 0,001 2 | rectangular | 1,20x105 | 1,76x102 2,11x10-3 o0 0

Measur- pul Uy 2,01x101 o0 100

ing system

standard

uncertainty

a  Weighfing (measured) includes initial weighing, final weighing, and vatiation in evaporation at k = 1.
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Table B.2 — Combined standard uncertainty of the single channel example

Uncertainty Unit | Symbol | Distribution |Standard un-| Sensitivity | Uncertainty | Degrees | Percent

component certainty | coefficient | contribution | offree- | contri-
ul dom bution

%

Measuring pl Upyis normal 2,01x101 1 2,01x101 00 7

system stand-
ard uncertain-

tya

ALHS stand- pl UpLHS see footnote b

ard uncertain-

ty b

Experimental ul s, ( 17) normal 1,66x101 1 1,66x10-1 11 5

standard de-
viation of|the
mean ©¢
Reprodudj- ul s,( V) normal 6,94x10-1 1 6,94x101 5 88
bility of tlF]e

calibratiop d-¢

Standar(i pl u(v) normal n/a n/a 0,741 6 100
uncertaipty

of the mean
delivered
volume

a2 Measuring system standard uncertainty is taken from Table B.1.

b Includpd in the reproducibility of the calibration s,( 14 ).

¢ Standgrd deviation of the mean is described in Clause 8. Value for'repeatability of the 12 replicate measurements|is supplied
by Artel.

d  Reproflucibility of the mean is based on 6 calibrations @ver six different days, resetting the ALHS power each day. Data
provided by Artel.

¢ Standdrd deviation of the mean and reproducibility of'the calibration are described in Clause 8. These componenfs describe
the uncertpinty of the liquid delivery process, uLDP:[see"also Formula (7)].

B.5.1.2 [Results

B.5.1.2.1 Standard uncertainty of the ALHS mean volume

The standard uncertainty ofthe mean delivered volume is calculated according to Formula (10):

u(V)£0,741 pl
NOTE See Table'B.2 for the source of the 0,741 ul value.

B.5.1.2.2( ‘Expanded uncertainty of the ALHS mean volume

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

U(V)=0,741 plx2,0=1,5 pl
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Expression of the measurement result

The overall result of the measurement, including the expanded uncertainty of measurement, can be
expressed according to Formula (12):

Vy=1992pul 1,5 (k=2)

B.5.1.3

General remarks

The numerical values of the quantity estimation, standard uncertainty, and sensitivity coefficients used
in this example apply only to this example and are not applicable to other uncertainty calculations. Other

numerica

] values will resultin different nn(‘prfninfy hndgnfc

B.5.2 Example of testing a single channel using gravimetric regression

B.5.2.1

The meas

Measurement conditions

urement conditions for this example are as follows:

— 24-fdld measurement of a single channel dispensing device delivering approximately 54 nl of 1

(watd
— asev

— thern
Table

— mear

— rand

— stand

— the s
deliv

The deter]
the optiol

xr);
bn-place microbalance meeting the minimum requirements of ISO 23783-2:2022, Table 3;

hometer and other measuring instruments meeting Ahe’ requirements of ISO 2378
E.1;

volume: V = 53,74 nl;
pm error of measurement (standard deviation;n = 24): s, = 0,762 nl;
ard deviation of the mean s, (17) =s, /\/24 =0,156 nl;

ystematic error of measurement is\not calculated as no selected volume is set for t
bry device.

mination of the uncertainty for-these conditions is given in Tables B.3 and B.4. Contribut
hal uncertainty components'described in 7.5 and 7.6 are not included in this example.

est liquid

3-2:2022,

his liquid

jons from
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Table B.3 — Measuring system standard uncertainty of the regression example

Uncertainty | Unit | Symbol | Estima- | Distribu- | Standard | Sensitivi- | Uncertainty | Degrees | Per-
component tion tion uncertain- | ty coeffi- |contribution| offree- | cent
ty cient nl dom con-
tribu-
tion
%
Weighing mg | Mpgore | 305,56 normal 1,09%x10-5 1004 included in 30
(before) a weight
Weighing mg Myper | 305,61 normal 2,06x10-> 1004 included in 30
(after) @ weight
Weighing mg | Myeasured| 0,05 normal 2,33x10-> 1004 included in 46
(measuref) b weight
Weight ¢ mg m 0,05 normal 4,70x10-5 1004 4,72x10-2 754 99,93
Water tem- °C tw 23,70 | rectangular | 8,70x10-2 omitted includedin oo
perature water dénsity
Weights den- | g/ml Pg 795 | rectangular | 1,40x102 | 9,75x10* | 1,37x105 o 0
sity
Water density | g/ml Pw 0,997 4 | rectangular | 2,23x105 | 5,42x10! 1,21x10-3 0 0,07
Air densitly g/ml Pa 0,001 14 | rectangular | 2,74x107 | 4,74x10% 1,30x10-5 o0 0
Measur- nl Uy 4,72x102 755 100
ing system
standard
uncertainty

a  This i the uncertainty of the regression confidence interval (k = 1)@nd omits other sources of balance uncertaintjy.
b Weighjng (measured) is a combination of the two preceding regression confidence intervals, each at k = 1.

¢ Weight includes contributions from weighing (measured), balance drift and balance resolution before and after. [lt does not
include otHer sources of balance calibration uncertainty listed\ih EURAMET cg-18[4] or ASTM E898[21.
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Table B.4 — Combined standard uncertainty of the mean volume of the regression example

Uncertainty
component

Unit

Symbol

Distribution

Standard un-
certainty

Sensitivity
coefficient

Uncertainty
contribution

nl

Degrees
of free-
dom

Percent
contri-
bution

%

Measuring
system stand-
ard uncertain-

tya

nl

normal

4,72x102

4,72x102

755

0,1

ALHS stand-
ard uncertain-

nl

UALHS

see footnote b

ty b

Experimental
standard de-

viation of|the
mean ©¢

nl

s (V)

normal

1,56x10°1

1,56x101

23

Reprodu-
ci-bility of the
calibratiop d-

nl

Sd(v)

normal

1,56

1,56

98,9

Standard
uncertaipty
of the mean
delivered
volume

nl

u(v)

normal

n/a

n/a

1,57

>10 000

100

by IMTEK.

a2 Measuring system standard uncertainty is taken from Table B.3.

b Includpd in the reproducibility of the calibration s,( 14 ).

¢ Standgrd deviation of the mean is described in Clause 8. Value ferrepeatability of the 24 replicate measurements

d  The reproducibility is based on assumed manufacturer specifications of 5 % systematic error; see Note in 8.2 b).

¢ Standqrd deviation of the mean and reproducibility efithe calibration are described in Clause 8. These componen
the uncertpinty of the liquid delivery process, u; pp [see als6 Formula (7)].

is supplied

ts describe

B.5.2.2

B.5.2.2.1

The standard uncertainty of the)mean delivered volume is calculated according to Formula (10):

u(v)
NOTE

B.5.2.2.2

Results

-1,57 nl

See Tablé B4 for the source of the 1,57 nl value.

Standard uncertainty of the ALHS mean volume

Expanded uncertainty of the ALHS mean volume

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

U(V)=1,57 nlx2,0=3,14 nl
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B.5.2.2.3 Expression of the measurement result

The overall result of the measurement, including the expanded uncertainty of measurement, is expressed

according to Formula (12):
Vy=5374nl+3,14nl (k=2)

B.5.2.3 General remarks

The numerical values of the quantity estimation, standard uncertainty, and sensitivity coefficients used

in this example apply only to this example and are not applicable to other uncertainty calculations. Other
numericalyvalues will resultin different nnrnrfninfy hndgnfc
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Annex C
(informative)

Optical image analysis of droplets

C.1 Description of the measurement

C.1.1 General

Measurement procedures based on optical image analysis make use of calibrated optical\images of the
liquid/aif interface formed by free liquid surfaces. Photographic images show a two-diménsional grojection
of the thfee-dimensional liquid/air interfaces that can be readily generated by a suitable digitpl optical
setup, suth as a calibrated high-speed camera or a stroboscopic imaging system working in dark-field or
bright-field mode. From the acquired photographic images of the free liquid surface, the size and shape of
the two-dimensional image can be extracted by appropriate image processing-algorithms (e.g., as flescribed
in ISO 23783-2:2022, G.6.4). The volume of the liquid is then reconstructed-from the size, pogition and
shape of the liquid/air interface, using certain approximations and known\properties of the measurement
setup, fof example, the optical magnification factor of the optical imdging setup and the assumption of
rotationall symmetry of the liquid volume and other properties are used for this purpose, as described in the
corresponding methods section in ISO 23783-2 and briefly in C.1.2;

C.1.2 Optical image analysis of droplets

This prodedure is only applicable to liquid volumes provided as free flying liquid droplets — for example
generated by non-contact nano-dispensing technologies or inkjet printheads. The recommended volume
range for] applying the optical image analysis of droplets for volume measurements is 100 pl tq 1 pl per
droplet. NMeasurement of larger volumes is possible by consecutive measurements of a series of individual
droplets.

The measurement procedure is based ofi photographic images of liquid droplets in flight acquliired by a
suitable digital optical setup, such as a calibrated high-speed camera or a stroboscopic imaging system (for
more detpiled system requirements,see ISO 23783-2:2022, Annex G). From the acquired grey-scale images
of the drdplet, the size and shape-of-the outline of the droplet is determined. The three-dimensionpl volume
of the dr¢plet is then reconstructed by rotating the two-dimensional projection extracted from the image
around the axis defined byhe’flight path of the droplet. An important pre-requisite in this coptext is a
reasonable degree of rotational symmetry of the droplet shape relative to the flight path of the drgplet. This
condition|is strictly satisfied only for droplets in full thermodynamic equilibrium, but often reasonably well
attained for small droplets generated at low Weber numbers.

C.2 Madelling the measurement

C.2.1 Gemerat

The central element of the optical image analysis method for volume measurement of droplets is the size
and shape of a two-dimensional image of the droplet in flight. The shape of the droplet image is given
by its outline, which takes on the shape of a perfect circle as the droplet approaches equilibrium. As the
optical images are usually acquired by digital optical cameras, the shape of the droplet can be numerically
determined by edge-detection or thresholding algorithms from the digital images. The results are usually
represented by black and white digital images, where (by convention) all white pixels are considered to be
part of the droplet image and all black pixels are considered to form part of the background. Thus, the size
and shape of the droplet is recorded in a traceable way in the two-dimensional image, if the magnification
factor a of the digital optical imaging system is known. With the assumption that the imaged droplet volume
exhibits rotational symmetry around its flight path, the two-dimensional droplet image can be used to
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reconstruct the droplet volume by rotation, approximating the droplet volume by a stack of cylindrical discs
(see ISO 23783-2:2022, G.6.4 for further details).

22 A

nalysis of the droplets

Using the arrangement and number of white pixels which have been extracted from the processed black
and white image of the droplet and the magnification factor @, the total volume of the droplet measured at
temperature t can be calculated in units of um3 according to Formula (C.1):

N 2
n.:

Vi)=Y nx(%] X0 |+ AVpyap + AVt (€.1)

j=1
where

V) is the volume of the measured droplet at temperature ¢, in ums3;

a is the magnification factor of the optical imaging system that is used to record the photographic
droplet images in pm as given in Formula (C.2). It represents the height'ef one pixel.

j is the index of the row of white pixels forming the droplet image-derived by image pfrocessing
from the digital photographic image of the droplet;

N [s the total number of rows of white pixels forming the droplet image derived by image process-
ing from the digital photographic image of the droplet;

n; is the total number of white pixels in row j of the:droplet image derived by image pfocessing
from the digital photographic image of the droplet;

AVoyqp  is the volume of test liquid that has evaporated from the droplet before the image was taken,
in pm3;

AV, ot is the volume difference between the real droplet volume and the volume of a body recopstructed
from a stack of thin spherical discs 6fheight a, which is generating the identical two-dimensional
digital black and white image .as the real droplet, in pm3.

NOTE1 |Formula (C.1) is a simplification ofthe general Formula (G.14) in ISO 23783-2:2022 for the cage that the
photographic image shows exactly one single droplet (M = 1). If more than a single droplet is visible in the image, the
analysis of each of the droplets can bé carried out separately, and the total delivered volume determined|as sum of
different droplet volumes, as well ag the cumulative uncertainty of the total volume can be calculated as the¢ root sum
square of the uncertainties of theindividual droplets, according to Formula (5).

NOTE 2 | An isotropic magnification factor « is considered to describe the magnification of the opticpl system.
Deviationg of isotropic maghification conditions are usually very small for properly designed optical lens systems and
are therefpre neglectedt

NOTE 3 | The maghification factor a can also be interpreted as scale factor mapping a real object of dimensions I (in
um) to a numberyiof pixels on the digital image of the object: I = a x n. The acquired digital image is scaled [to the real
physical djmensions of the imaged object by the factor a.

C.3 Standard uncertainty components associated with the measuring system

C.3.1 Standard uncertainties for the analysis of droplets

The most important factor influencing the standard uncertainty of the droplet volume measurement is
the magnification factor a of the optical imaging system that enters into Formula (C.1) with the power of

three. Th

erefore, it is important to use a calibrated and precise optical imaging system for acquiring the

photographic images. All uncertainties associated with the magnification factor are summarized in the

standard

uncertainty u(a).
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