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1. Introduction

In the pharmaceutical laboratory, weighing is only one step of a whole analysis chain in drug discovery and 
quality control; however it strongly influences the overall quality and integrity of the final result. Also in produc-
tion, weighing is decisive to achieve batch uniformity and consistency, e.g. in dispensing or formulation process-
es. For the food industry, accurate weighing processes also act as an important contribution for two of its most 
demanding challenges: Increasing public health and consumer safety, and increasing productivity and competi-
tiveness. The same or similar issues are also prevalent in other industries as the chemical, fragrance or automo-
tive industry, and also apply for testing labs and companies focusing on contract research and manufacturing. 
Everywhere, accurate weighing is essential to ensure continuous adherence to predefined process requirements 
and to avoid a frequent source of Out of Specification results (OOS).
 
This article introduces GWP®, the science-based global standard for efficient lifecycle management of weighing 
systems. It consists of the selection of the appropriate weighing system based on the evaluation of the respec-
tive weighing process requirements, and provides scientific guidance to the user regarding calibrating and test-
ing weighing instruments during the instrument's lifecycle. Based primarily on the user’s weighing requirements 
and prevailing weighing risks, it provides a state-of-the-art strategy to reduce measurement errors and to ensure 
reproducibly accurate weighing results. The understanding of the particular weighing process requirements and 
important balance and scale properties as minimum weight is essential to select an appropriate weighing system 
in the framework of the design qualification. The performance qualification takes into account these requirements 
and risks to establish a specific routine testing scenario for the instrument. The higher the impact in case of inac-
curate weighings, and the more stringent the weighing accuracy requirements are the more frequently calibration 
and user tests have to be carried out. However, for less risky and stringent applications, testing efforts can be 
reduced accordingly. Risk- and life cycle management form an integrated part of the overall strategy of GWP® to 
bridge the gap between regulatory compliance, process quality, productivity and cost consciousness.
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Out of Specification Results and Their Consequences

Out of Specification results have had a significant impact in the pharmaceutical industry for many years but 
especially since the Barr Labs court ruling in 1993 [1]. In this case, the court ruled in favor of Barr Labs which 
upheld their view that an OOS result does not necessarily constitute a batch failure but it should be investigated 
if there are other causes such as a laboratory error. In October 2006, the FDA revamped their guidance concern-
ing how to handle OOS results and how to perform a proper investigation [2]. Since then, the FDA has issued a 
significant number of 483 Observations concerning poor investigations. 
 
A recent three-part article concerning OOS investigations [3] begins by saying:

“Out of Specification. It’s a term that brings the fear of the gods to the laboratory. It causes 
gridlock, finger pointing, and delays in the normal workflow.”

It seems that even 6 years after the guidance and almost 20 years after the Barr ruling, we still have a lot of 
work to do in this area.

Furthermore, in the abovementioned guidance, the FDA states that:

“Laboratory errors should be relatively rare. Frequent errors suggest a problem that might be 
due to inadequate training of analysts, poorly maintained or improperly calibrated equipment, 
or careless work.”

Since we are seeing a significant number of FDA 483 Observations on poor investigations, the rarity of a labora-
tory error may not be as rare as we would like. Unfortunately, there is no published data that shows for every 
OOS result generated there were many more minor errors that didn’t lead to an OOS result. These errors may be 
classified as a “Note to Record”, or simply noted in the laboratory notebook as an error. Many companies don’t 
investigate these errors even though they are probably symptoms of more serious future issues with the analy-
sis method or process. It should be stressed that OOS may also result in reduced uptime due to investigations, 
delayed batch release, or may even trigger costly recalls which negatively affects the efficiency and productivity 
of the affected company and might also impact its reputation.

The before mentioned issues are not only relevant to the pharmaceutical industry. Also for the food industry, there 
is an increasing trend in the recent years to more stringent food safety and quality regulations. New challenges 
concerning food safety & quality aspects are created through developments such as GMOs (Genetically Modified 
Organisms) or nanotechnology; besides of that, the increase in international sourcing and trade of food and feed 
are expected to propel this trend forward even more strongly. With these trends, and corresponding changes 
in international and national laws, standards and inspection processes will be subject to regular revision. One 
example of recent legislation impacting the industry is the U.S. Food Safety Modernization Act (FSMA) which was 
put into force January 2011 [4]. It shifts federal regulators’ focus from responding to safety issues to prevent-
ing it. The implementation of this new law is in progress and covers enhanced prevention control and increased 
frequency of mandatory FDA inspections. While in the past almost all FDA 483 Observations and Warning Letters 
were addressed to the pharmaceutical and medical device industry, there is a clear change in focus towards the 
food industry.

2.
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Impact of Weighing on Process Quality

Weighing is a key activity in most laboratories, however its understanding is not always at a sufficient level, and 
its complexity often underestimated. As the quality of weighing strongly influences the quality of the final result, 
the United States Pharmacopeia (USP) specifically requires in its General Chapter <41> highly accurate weighing 
results used for quantitative analysis [5] in the pharmaceutical laboratory. 

“Unless otherwise specified, when substances are to be “accurately weighed” for Assay, 
the weighing is to be performed with a weighing device whose measurement uncertainty 
[…] does not exceed 0.1% of the reading. Measurement uncertainty is satisfactory if three 
times the standard deviation of not less than ten replicate weighings divided by the amount 
weighed, does not exceed 0.001.”

Such a stringent requirement is not implemented for other instruments, where quite often the analytical develop-
ment group sets the method requirements.

Compared to the laboratory, the importance of weighing results is most of the time underestimated in the produc-
tion environment. A scale is considered a production tool that is submitted to external factors such as hygiene, 
ingress protection, corrosion, risks of fire or explosion, health and safety of the operator or productivity. In the 
current practice of selection and operation of a scale, all these factors are regarded as higher in priority than 
mere metrological needs. The metrological criteria are thus insufficiently taken into consideration.

More than often the level of qualification of operators in a production environment is lower than that of a labo-
ratory technician. As a consequence manipulation errors are more frequent in production than in a laboratory. 
Therefore one can expect a higher frequency of Out of Specification in the production than in the laboratory.

Another frequent practice is to recycle existing instruments for a different purpose than the one they had been 
acquired for. Here too, the metrological needs of this new application are very often not clearly matched to the 
capability of the recycled scale. 

Out of Specification in the production is not only a symptom that quality might be at risk, but an effective risk 
to the health and safety of the consumer, a potential breach of legal for trade requirements and an economical 
loss for the company. Raw materials, manpower and assets utilization have been mobilized in a process that 
has resulted into bad quality. The products must be reworked or disposed-off. In many cases, the detection of an 
error may trigger tedious and costly recall actions that may impact the brand negatively.

For the production there is no weighing requirement comparable to USP General Chapter <41>, and the regula-
tions (e.g. ISO and GMP) remain silent as per how accurate results need be defined and verified. The applied 
principles are consequently very diverse throughout the whole industry. 

Similar as described in pharmaceutical GMP regulations, also food regulations as BRC, IFS, SQF or FSSC22000 
require instruments to be tested or calibrated periodically. As one example, the BRC Global Standard for Food 
Safety, Issue 6, stipulates in Chapter 6.3:

“The company shall identify and control measuring equipment used to monitor CCPs […]. All 
identified measuring devices, including new equipment, shall be checked and where neces-
sary adjusted at a predetermined frequency, based on risk assessment […]. Reference mea-
suring equipment shall be calibrated and traceable to a recognized national or international 
standard.” 

3.
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On the one hand, instruments should be adjusted when necessary, but on the other hand, the standards don't 
give concrete advice on how accurate results need be defined and verified. In many cases, the principle "what 
you see is what you get" is applied. What do we mean by that? Let us make an example: A user weighs a prod-
uct on an industrial floor scale and gets a reading of 120.000kg which he believes is the true amount of material 
that he was weighing. However, this reading might not exactly reflect the amount weighed, in other words, the 
amount weighed might differ slightly from the indication. This is due to the so-called measurement uncertainty 
which is described in more detail later.

In this environment of misconception, scales are the last suspected part of the production chain in case of OOS. 
OOS become then a necessary evil. But it must not.

Measurement Uncertainty and Minimum Weight

4.1 Measurement Uncertainty of Weighing Systems

State-of-the-art strategies for adhering to consistently accurate and reliable weighing processes comprise of sci-
entific methodologies on instrument selection and testing [6]. Within these methodologies, typical misconcep-
tions on weighing that are very widespread in the industry are also described. 

“I want to buy an analytical balance with a readability of 0.1 mg, because that is the accu-
racy I need for my application.”

Statements like this are often heard when establishing a design qualification. In the wake of this requirement, 
a user may select an analytical balance with a capacity of 200 g and a readability of 0.1 mg, because it is 
believed that this balance is “accurate to 0.1 mg”. This is a misconception, for the simple reason that the read-
ability of an instrument is not equivalent to its weighing accuracy.

There are several properties, quantified in the specifications of the weighing instrument, which limit its perfor-
mance. The most important are repeatability (RP), eccentricity (EC), nonlinearity (NL) and sensitivity (SE), which 
are graphically displayed in figure 1, and in detail explained in the respective technical literature [7]. How do 
they influence the performance, and hence, the selection of a weighing instrument?

4.

Figure 1. Properties of 
weighing instruments: 
The dashed line with the 
associated grey area 
represents the sensitivity 
offset of the instrument, 
superimposed is the 
nonlinearity (blue area, 
indicating the deviation 
of the characteristic 
curve from the straight 
line). The red circles 
represent the measure-
ment values caused by 
eccentric loading, and 
the yellow circles repre-
sent the distribution of 
the measurement values 
due to repeatability.
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To answer this question, the term “measurement uncertainty” must first be discussed. The “Guide to the Expres-
sion of Uncertainty in Measurement (GUM)” [8] defines uncertainty as "parameter, associated with the result  
of a measurement that characterizes the dispersion of the values that could reasonably be attributed to the 
measurand".

The weighing uncertainty, i.e., the uncertainty when an object is weighed, can be estimated from the specifica-
tions of a balance or scale (typically the case when performing a design qualification), and after the instrument 
is installed, from the calibration of the weighing instrument (typically by an initial calibration as part of the 
operational qualification, and periodically thereafter as part of the performance qualification). International guide-
lines on calibration of non-automatic weighing instruments stipulate details on the assessment of the weighing 
uncertainty [9, 10]. The results of the calibration are made transparent in appropriate calibration certificates. 

In general, measurement uncertainty of weighing instruments can be approximated by a positive sloped straight 
line – the higher the load on the balance or scale, the larger gets the (absolute) measurement uncertainty, as 
shown in figure 2. 

Uabs = α + β · m

Looking at the relative measurement uncertainty, which is the absolute measurement uncertainty divided by 
the load, and usually indicated in per cent, we clearly see that the smaller the load is, the larger the relative 
measurement uncertainty gets. If you weigh at the very low end of the instrument‘s measurement range, the 
relative uncertainty can become so high that the weighing result cannot be trusted anymore.

4.2 The Concept of Minimum Sample Weight

It is good practice to define an accuracy (tolerance) requirement for every weighing process, i.e., the maximum 
allowed deviation permitted by specifications, regulations, etc. of a quantity to be weighed from its target value. 
Weighing in the red area as indicated in figure 2 will result in inaccurate measurements, as here the measure-
ment uncertainty of the instrument is larger than the required accuracy of the weighing process. Consequently, 
there is a specific accuracy limit for every weighing instrument – the so-called minimum sample weight, or short, 
minimum weight, and one has to weigh at least this amount of material in order to have an uncertainty that sat-
isfies the specific weighing accuracy requirement. 

Based on this definition, the minimum weight can be calculated as 

mmin = Uabs (mmin ) / Areq = (α + β · mmin) / Areq

Figure 2. Measurement 
uncertainty. Absolute 
(green line) and rela-
tive (blue line) mea-
surement uncertainty of 
a weighing instrument. 
The accuracy limit of 
the instrument, the 
so-called minimum 
weight, is the intersec-
tion point between 
relative measurement 
uncertainty and the 
required weighing 
accuracy.
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where Areq denotes the required weighing accuracy (in percent). Consequently, the minimum weight is derived as

mmin = α / (Areq-β) 

We want to emphasize that for weighing small loads on analytical and microbalances the dominant contri-
bution factor to the uncertainty stems from repeatability (expressed as the standard deviation of a series of 
weighings). As for laboratory applications the minimum weight typically is a very small sample size as com-
pared to the capacity of the balance, the absolute uncertainty at the minimum weight can be approximated 
by α. Furthermore, α only consists of the uncertainty contribution due to repeatability (which is expressed as 
the standard deviation of a defined number of replicate weighings sRP, multiplied with the expansion factor k). 
Consequently, the minimum weight for these applications can be derived as

mmin ≈ α / Areq ≈ (k/Areq) · sRP 

The expansion factor is usually chosen as 2, however in case of USP General Chapter <41> it is stipulated to 
take an expansion factor of 3. In this case, where furthermore a weighing uncertainty of not more than 0.1% is 
required, the respective minimum weight can be expressed as

mmin = (k/Areq)·sRP  = (3/0.1%) · sRP  = 3000 · sRP 

It is important to note that due to rounding of the digital indication (also referred to as quantization), there is 
a lower limit to the standard deviation which is usually expressed as 0.29d with d being the digital increment 
of the weighing instrument. This limit is based on the assumption of a rectangular distribution of the measure-
ment results before quantization. As every weighing consists of two readings (gross and tare) which are con-
sidered independent from each other, the lower limit to the standard deviation of a weighing is expressed as 
smin=√2·0.29d = 0.41d. Consequently, the lower limit of the minimum weight for the respective weighing accu-
racy requirement is also given by the finite readability of the weighing instrument. This scientific fact is also taken 
into account in international guidelines on calibration of non-automatic weighing systems [9, 10] and in the  
latest draft to revise USP General Chapter <41> [11].

4.3 Relevance of the Individual Instrument Properties for Measurement Uncertainty

The characteristics of the behavior of weighing uncertainty become more obvious from figure 3, where the indi-
vidual contributing components to measurement uncertainty for an analytical balance with a capacity of 200 g 
are shown (repeatability, eccentricity, nonlinearity, sensitivity). The uncertainty as a function of the sample mass 
can be separated into three distinctive regions: 

1.  Region 1 with sample masses less than the lower rollover limit mass (i.e. largest sample mass, at which the 
contribution of repeatability dominates uncertainty). It is about 10 g in this specific example, and indicated 
in reddish in figure 3. As repeatability is a weak function of gross load (if at all), the relative uncertainty 
decreases inversely proportional to the sample mass.

2.  Region 2 with sample masses larger than the upper rollover limit mass (i.e. smallest sample mass, at which 
the contributions of sensitivity offset and eccentricity dominate uncertainty). It is about 100 g in this specific 
example, and indicated in greenish in figure 3). The relative uncertainties of these properties are independent 
of sample load; consequently, the combined relative uncertainty remains (essentially) constant.

3.  Region 3 is the transition region with sample masses between the lower and upper rollover limit mass, where 
the uncertainty rolls off from inverse proportionality to a constant value.
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Figure 3. Relative weighing uncer-
tainty versus sample mass of an 
analytical balance with a capacity 
of 200g and a readability of 0.1g 
(U_tot, thick black curve).  
The contributing components 
to uncertainty are also shown: 
repeatability (U_RP, red), eccen-
tricity (U_EC, blue), nonlinearity 
(U_NL, orange) and sensitivity 
offset (U_SE, green). Uncertainties 
are expanded with a factor of 
k=2. Repeatability dominates 
uncertainty in the reddish region, 
sensitivity or eccentricity in the 
greenish region.

Moreover, for a majority of laboratory balances nonlinearity hardly contributes a significant part to uncertainty, as 
its relative uncertainty, over the entire range of sample mass, is smaller than any other contribution.

Scales follow the same principles as balances with some additional constraints that arise from the technology 
used. Most scales are using strain gauge weighing cells that lead to a lower resolution than balances. In some 
cases the rounding error may be predominant, but for scales of higher resolution the repeatability becomes also 
the decisive contributor to the measurement uncertainty in the lower measurement range of the instrument, i.e. 
the calculated standard deviation is usually larger than 0.41d.

Linearity deviation is often considered a large contributor too, but it can normally be neglected when weighing 
small samples. Considering that the relative measurement uncertainty is getting small when weighing larger 
samples, we can conclude that nonlinearity will only play a relatively small role in the effort of maintaining mea-
surement uncertainty of the instrument below the required process tolerance. Same as for laboratory balances, 
we need to focus our attention on the repeatability to define the critical limit of a high-resolution industrial scale.

4.4 The Concept of the Safety Factor

It is important to state that the minimum weight of balances and scales is not constant over time. This is due to 
changing environmental conditions that affect the performance of the instrument, as for example vibrations, draft, 
wear and tear or temperature changes. The operator himself also adds variability to the minimum weight, as dif-
ferent people might weigh differently or with a different skill level on the instrument. In order to ensure that you 
always weigh above the minimum weight as determined at calibration (at a particular time with particular envi-
ronmental conditions by a qualified and authorized technician), it is highly recommended applying a safety fac-
tor. The safety factor describes that you would only weigh sufficiently above the minimum weight as determined 
at calibration. For standard weighing processes, a safety factor of 2 is commonly used, provided you have 
reasonably stable environmental conditions and trained operators. For very critical applications or an unstable 
environment, an even higher safety factor is recommended. The concept of the safety factor is also illustrated in 
figure 4.

In calibration certificates, the safety factor is usually taken into account by calculating the minimum weight for 
a more stringent accuracy requirement than stipulated by the respective weighing process, e.g. the minimum 
weight for a process which requires a weighing accuracy of 1% and a safety factor of 2 is calculated taking an 
accuracy of 0.5% instead of 1%. Based on the concept presented in chapter 4.2, the minimum weight is conse-
quently derived as 

mmin = α · SF / (Areq - β · SF) 

Analytical Balance: Individual Uncertainty Contributions (@k=2)
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Areq denotes the required weighing accuracy, α and β are the two parameters of the absolute measurement 
uncertainty equation, and SF is the applied safety factor.

4.5 Common Misconceptions in Respect to Minimum Weight

Finally, we want to mention a critical misconception that is prevalent in the industry: Many companies wrongly 
believe that the weight of the tare vessel also accounts for the adherence to the minimum weight requirement. In 
other words, they believe that if the tare vessel weighs more than the minimum weight, any quantity of material 
can be added and the minimum weight requirement is automatically fulfilled. This would mean that with a large 
enough tare container you could even weigh one gram on an industrial floor scale of 3 tons capacity and still 
comply with the applicable process accuracy. As the rounding error of the digital indication always is the low-
est limit of the overall measurement uncertainty of the instrument, it is easily seen that weighing such a small 
amount of material – in whatever tare container – cannot lead to accurate results. Such an extreme example 
clearly shows us that this widespread misinterpretation indeed does not make any sense. Similarly, if more than 
one component is weighed in a tare container, e.g. as part of a formulation process, every single component has 
to fulfill the minimum weight requirement.

Just recently we encountered another misconception with a dispensing application and the measured minimum 
weight of the very scale being around 100kg. The company stated that they dispense 20kg at a time, however, 
would always leave more than 100kg of substance in the container in order to adhere to the minimum weight 
requirement. They did not understand that they would have to dispense at least 100kg – instead of 20kg – in 
order to comply with their own accuracy requirement. 

To summarize: For weighing in or out, for formulation, dispensing and similar applications, every single compo-
nent must fulfill the minimum weight requirement. To emphasize that the net sample weight has to be considered 
and the tare weight does not count towards fulfilling the minimum weight criterion, the minimum weight is often 
referred to as minimum sample weight.

Routine Testing of Weighing Instruments

“Measuring equipment shall be calibrated and/or verified at specified intervals […] against 
measurement standards traceable to international or national measurement standards.”

ISO9001:2008, 7.6 Control of Monitoring and Measuring Devices

“Automatic, mechanical or electronic equipment […] shall be routinely calibrated, inspected 
or checked according to a written program designed to assure proper performance.” 
 
21 CFR Part 211.68 (a), US GMP for Pharma

“The methods and responsibility for the calibration and recalibration of measuring, test and 
inspection equipment used for monitoring activities outlined in Pre-requisite Program, Food 
Safety Plans and Food Quality Plans and other process controls […] shall be documented 
and implemented.” 
 
SQF 2000 Guidance – Chapter 6.4.1.1 “Methods & Responsibilities of Calibration of Key 
Equipment”

The statements cited above delegate the responsibility for the correct operation of equipment to the user. This 
also applies for weighing instruments. Statements like these are usually formulated vaguely, as they are meant 

5.
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as general guidelines. Therefore, they cannot be put to work for daily routine. Questions like “How often should  
I test my weighing instrument?” emerge in situations where guidance is needed to design standard operating 
procedures to assure the proper functioning of the instrument that neither are too exhaustive, and thus costly  
and time consuming, nor too loose, and thus not adequate to assure consistently accurate results. 
The following test procedures for weighing instruments are recommended in the framework of the performance 
qualification:

1.  Calibration in-situ by authorized personnel, including the determination of measurement uncertainty and mini-
mum weight under normal utilization conditions; the aim is to assess the complete performance of the instru-
ment by testing all relevant weighing parameters of the instrument, made transparent to the user by a calibra-
tion certificate. Initial calibration also is an important step within operational qualification after the instrument 
is installed and the necessary functional tests performed. It is common practice to carry out an as-found 
calibration (before the instrument is serviced/adjusted) as well as an as-left calibration (after the instrument 
is serviced/adjusted). In this context, the as-found calibration serves ensuring the traceability of the measure-
ment results of the weighings carried out before the service intervention, see figure 4.

2.  Routine test of the weighing system, to be carried out in-situ by the user; only those weighing parameters are 
assessed which have the largest influence on the performance of the balance or scale; the aim is to confirm 
the suitability of the instrument for the application.

3.  Automatic tests or adjustments, where applicable, using built-in reference weights; the aim is to reduce the 
effort of manual testing as also stipulated by specific FDA guidance [12].

5.1 Test Frequencies

The routine testing procedures and corresponding frequencies are based on:

i.  The required weighing accuracy of the application. 

ii.  The impact of Out of Specification results (e.g., for business, consumer, or environment), in case the weighing 
instrument does not adhere to the process-specific weighing requirements.

iii.  The detectability of a malfunction.

It is assumed that the more stringent the accuracy requirements of a weighing process are, the higher the prob-
ability becomes that the weighing result will not meet the accuracy requirements. In this case, the test frequency 
is increased. Similarly, if the severity of the impact increases, the tests should be performed more frequently. That 
way, a higher impact is offset by more frequent tests, thereby lowering the likelihood of occurrence of the impact, 

Figure 4. Variability of the 
minimum weight over time due to 
changing environmental condi-
tions. The yellow dots represent 
the  minimum weight values as 
derived during calibration. In order 
to ensure that the smallest net 
weight of the weighing application 
is always larger than the minimum 
weight at the time of weighing, a 
safety factor should be applied. To 
ensure traceability of the weighing 
results, an as-found calibration is 
carried out before servicing/adjust-
ing the instrument.
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and hence, offsetting the increase of risk that otherwise would occur – see figure 5. If the malfunction of the 
weighing instrument is easily detectable, the test frequency is decreased. The frequencies for the test of all prop-
erties extend from daily for risky applications (user or automatic tests), over weekly, monthly, quarterly, twice a 
year to yearly (e.g., calibration by authorized personnel).

On laboratory weighing instruments, the majority of all samples being weighed, especially for quantitative analy-
sis, most likely satisfy the condition of being “small samples”, i.e., samples with a net mass considerably small-
er than the capacity of the weighing instrument, a few percent of the capacity, say. When discussing the relative 
uncertainty versus sample mass, it was already mentioned that weighing uncertainty is governed by repeatabil-
ity, if a small sample is weighed (figure 3). This also applies for weighing applications in the production environ-
ment where small samples are weighed (small as compared to the capacity of the scale under consideration), 
especially for high-resolution scales.

Consequently, with the majority of weighing processes, repeatability is the most important contribution to uncer-
tainty. This would be a good reason to test repeatability most frequently, even though this test comprises repeat-
ed weighings of the same test weight multiple times, usually around 10 times for laboratory applications and up 
to 6 times for applications in the production environment, and therefore considerable effort and elaborated skills 
are required to perform this test properly. The test of sensitivity can be carried out with one single weighing of a 
test weight, certainly less of an effort. What is more, the sensitivity test would reveal any serious problem with 
the instrument, or if the result were to drift; in short, it may be regarded as an elementary test of the functionality 
of the weighing instrument. Although sensitivity might not be the most critical property of a weighing instrument 
by far, the sensitivity test is proposed to be carried out with the highest frequency for the reasons cited, followed 
by repeatability with a lower frequency.

Revisiting figure 3 and its explanations, we can see that eccentricity influences only weighings of samples with a 
considerable mass compared to the capacity of the weighing instrument, larger than a few percent, say. Besides, 
placing containers and samples in the center of the weighing platform, or at least in the same place for the 
tare and the gross readings, the influence of eccentricity can be minimized. This is the reason, why eccentricity 
could be tested less frequently than repeatability or sensitivity. For less demanding applications, it can even be 
dropped, as eccentricity is also assessed when the weighing instrument is calibrated by authorized personnel. 
For the least demanding applications, especially when samples much larger than the minimum weight of the 
respective instrument are weighed, even the test of repeatability can be dropped.

Nonlinearity is not recommended to being tested by the user at all, as its influence on weighing uncertainty is 
inferior and hardly dominant with any model of weighing instruments; besides, it is being taken care of when the 
weighing instrument is calibrated by authorized personnel.

Figure 5. Test frequencies
increase as a function of
more stringent weighing
accuracy and increasing
severity of impact in case of
an incorrect weighing (qualitative
chart).
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5.2 Test Weights

For the user tests, two test weights are recommended: 

i)  A large weight preferably of a mass equal to the capacity of the weighing instrument. It is recommended to 
use the next available single weight denomination according to the OIML or ASTM classification which is 
smaller than or equal to the nominal capacity of the weighing instrument. For heavy capacity scales where 
the handling of weights becomes a major challenge, test weights might be considered that deviate from this 
rule, i.e., are not close to the capacity of the scale however still large enough to be representative for the 
upper part of the weighing range (e.g. one third of the capacity). 

ii)  A small weight preferably of a mass equal to a few percent of the capacity of the weighing instrument. It is 
recommended to use the next available single weight denomination according to the OIML or ASTM classifi-
cation which is smaller than or equal to 5% of the nominal capacity of the weighing instrument.

As further guidelines, the following rules are implemented:

1.  Weights for the test of the sensitivity of weighing instruments need to be calibrated and must be traceable 
(reference weights). Their maximum permissible error (mpe) must not be larger than 1/3 of the acceptance 
limit, so that its influence compared to this limit may be neglected. With this condition, the contribution of 
variance of the test weight is limited to less than 10% of the variance of the acceptance limit. The lowest 
weight class which fulfills this condition is selected. For weighing applications with a very stringent accuracy 
requirement, it might be required to consider the calibration uncertainty of the weights instead of the maxi-
mum permissible error to accommodate for very tight acceptance limits. In this case, the calibration uncer-
tainty must not be larger than 1/3 of the acceptance limit.

2.  All other tests (i.e. tests of repeatability or eccentricity) may be performed with any weight, provided it does 
not change its mass during the test. Of course, it is always possible to use a calibrated test weight for these 
tests as well.

 
3.  For analytical and microbalances, test weights for sensitivity are typically of higher accuracy class (OIML F2, 

F1 or E2). For laboratory applications, even in cases where an OIML class M weight would suffice for a test, 
OIML class F2 weights should be used instead. The reason is that the surface of class M weights is allowed 
to remain rough [13]. This increases the chances for potential contamination, a feature which is not tolerated 
in laboratories. The same applies for ASTM weights where weight classes lower than ASTM4 should not be 
used in a laboratory environment [14]. For applications in the production environment, this rationale might 
not apply, so that M weights can be used, provided they fulfill the requirement on the maximum permissible 
error or the calibration uncertainty as stated above. 

4.  Test weights for sensitivity must be (re-)calibrated themselves in regular intervals to provide traceability.

5.3 User Routine Tests

The following tests are considered:  

a)  Sensitivity preferably with the large weight. If a smaller weight is taken, there is a potential loss of test selec-
tivity, i.e., the sensitivity test becomes contaminated by repeatability (see figure 3, region 1). This may espe-
cially apply to test weights smaller than the second weight recommended. Special attention has to be taken 
for sensitivity tests on high capacity scales where it might be difficult to use a test weight close to the capac-
ity of the scale. As already stated above, it might be sufficient to use test weights which are representative for 
the upper part of the weighing range, e.g. at about one third of the scale's capacity.



W
hi

te
 P

ap
er

13 White Paper 
METTLER TOLEDO

b)  Repeatability preferably with the small weight. As pointed out above, repeatability is the dominant contribu-
tion to measurement uncertainty for small sample weights, at least for laboratory balances and high resolu-
tion industrial scales. It is therefore reasonable to test the repeatability with a test weight in the order of a few 
percent of the capacity of the weighing instrument. Repeatability may be regarded as essentially constant for 
small sample weights, as compared to the capacity of the instrument. Note that for low resolution scales the 
dominant contribution factor to measurement uncertainty might be the readability of the instrument (rounding) 
instead of the repeatability. For these particular scales the use of the second weight might be obsolete, and 
all considered tests should be carried out with the large weight.

 For laboratory applications, if repeatability is a critical issue, it is recommendable to put the tare object (con-
tainer, vessel, flask, etc.) on the weighing platform and to test repeatability with the test weight at this “work-
ing point”. It should be mentioned here that specifically the dimensions of the tare vessel (surface area) may 
degrade the repeatability of the weighing. On a semi micro balance, for example, repeatability might increase 
about 5 times when weighing a sample into a volumetric flask of 250 ml, compared to weighing the sample 
together with a compact tare of the same mass as the flask (around 90 g). This is due to an increased inter-
action of the environment with the tare vessel (mainly by air currents and convection effects) [15].

c)  Eccentricity preferably with the large weight. Especially for heavy capacity industrial scales care has to be 
taken not to overload the scale when the test weight is placed eccentrically on the instrument. 

5.4 Assessment of Minimum Weight for USP Applications

USP stipulates in its General Chapter <41>:

"Measurement uncertainty is satisfactory if three times the standard deviation of not less than 
ten replicate weighings divided by the amount weighed does not exceed 0.001."

We stated above that repeatability – which is the only relevant contribution factor to weighing uncertainty for lab-
oratory applications on analytical and microbalances with small loads – should be assessed with a test weight 
of a few percent of the capacity of the instrument. This value usually is much larger than the minimum weight of 
the instrument for a given weighing accuracy. But why can the minimum weight be determined with a test weight 
larger than the minimum weight?

By definition, minimum weight is the lowest amount of sample mass that can be weighed, complying with a 
given required weighing accuracy. The most obvious method to test for minimum weight is to use a test weight 
with a mass of the (expected) minimum weight and determine the repeatability of the weighing instrument with 
this test weight. If the resulting weighing uncertainty is smaller than the required accuracy, the test passes, if it is 
greater, the test fails. 

This method has several disadvantages:
 
First, if the test passes, there is no guarantee that there might not be still a smaller mass satisfying the accuracy 
requirements. To find out about this, the test needs to be repeated with a smaller test weight. 

Second, if the test fails, the test needs to be repeated, too, but this time with a larger test weight. In both cases, 
the test may require an iterative approach, demanding more effort than just for one test. This is a waste of 
resources.

Third, using OIML test weights, as is very convenient, come only in denominations of 1-2-5 (for ASTM weights, 
the dominations are 1-2-3-5, accordingly). This means that a minimum weight of 45 mg, for example, could not 
be confirmed, unless the test is carried out with a weight combination of three weight pieces, namely 20 mg,  
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20 mg and 5 mg. Needless to say that determining the repeatability with a test load composed of three test 
weights is a tedious and error prone task.

Fourth, minimum weight of analytical and microbalances are in the order of a few milligrams. Handling such  
a small weight is difficult, and the faintest draft may blow the weight away.

There is a more efficient method to test minimum weight. It bases on the fact that with all weighing instruments, 
repeatability is essentially no function of sample mass, i.e., remains virtually constant, as long as the sample 
mass is smaller than a few percent of the weighing capacity. With this knowledge, it becomes clear that the 
repeatability need not be determined with a test weight of the very minimum mass, but can be chosen larger,  
as long as the condition stated is met. 

The advantages of this method are manifold: 
–  only one test must be performed;
–  the mass of the test weight can be chosen so that the test can be conveniently carried out;
–  intermediate, i.e., non 1-2-5 (1-2-3-5) values for the minimum weight are possible as the result of the  

calculation of the minimum weight.

This fact is considered also in the latest draft revision of USP General Chapter <1251> "Weighing on an Analytical 
Balance" [16]. As already stated earlier, the minimum weight according to the requirements of General Chapter 
<41> can be derived as mmin = 3000·sRP. Note that the latest draft revision of General Chapter <41> stipulates 
changing the expansion factor k from 3 to 2 [11], and consequently the minimum weight could then be derived 
as mmin = 2000·sRP.

Note that above statements specifically apply for laboratory applications involving weighings for quantitative 
analysis, where usually small samples on analytical or microbalances are weighed. For precision balances and 
especially for industrial scales, the other balance parameters (SE, NL, EC) might also contribute to measurement 
uncertainty at the lower end of the weighing range, so that the minimum weight cannot any longer be determined 
by just assessing repeatability. Here, the measurement uncertainty has to be determined completely, and the 
minimum weight needs to be derived from there.

5.5 Instruments with Automatic Test and Adjustment Features

Adjustment mechanisms built into weighing instruments consist of one or more reference weights, and a load-
ing mechanism that is actuated either manually or automatically. Such a mechanism allows conveniently test-
ing or adjusting the sensitivity of the weighing instrument. Because the built-in weight cannot be lost, cannot 
be touched and is kept in a sheltered place inside the instrument, this concept has advantages over testing or 
adjusting with an external weight, which is vulnerable to damage, dirt and other adverse effects; besides, it 
allows to substantially reduce the frequency of such tests or adjustments with external reference weights.

However, because the built-in test weight is not accessible, it cannot be declared as being traceable, since trace-
ability requires that the weight can be removed and compared periodically with another reference of a higher 
class which is not possible. Nevertheless, the built-in weight can be tested against an external reference by com-
paring the weighing result of the built-in weight with the weighing result of an external reference weight which is 
weighed immediately thereafter, the very weighing instrument being the comparator. With this comparison, the 
integrity of the built-in calibration mechanism can be tested.

If a weighing instrument features such an adjustment mechanism, it should be (frequently) used, as it is a 
procedure that requires little to no effort, with the exception of a short interruption of use to the instrument. As a 
consequence, routine tests of sensitivity with external reference weights may then be performed less frequently. 
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This fact is also reflected by an important statement of the US Food and Drug Administration: “For a scale with a 
built-in auto-calibrator, we recommend that external performance checks be performed on a periodic basis, but 
less frequently as compared to a scale without this feature.” [12].

5.6 Today's Practice for Routine Tests of Weighing Systems

Our experience is that many companies throughout the various industries tend to test their balances very fre-
quently, in many cases on a daily basis, and partly involving a whole set of different test weights (a so-called 
linearity test). A proper risk-based approach would reveal whether it is really necessary to conduct that many 
user tests, and whether testing efforts can be reduced without compromising on the quality of the weighing data. 
Furthermore, the applied test procedures might not always be appropriate as in the case of the linearity test that 
does not constitute a useful test to assess weighing accuracy, whereas the importance of the repeatability test is 
very frequently underestimated.

Surprisingly, the practice in the production is different. More than often, only rudimentary or no procedures at all 
are in place. This leads to inconsistent quality and to OOS. Only a few companies have understood the impor-
tance of establishing a robust routine testing scheme. For these conscious users, the practice is often to repro-
duce in the production what they have implemented in the laboratory. This is of course not appropriate because 
probability, severity and detectability of OOS might differ significantly.
 
A sound understanding of the instrument's functionality and its weighing parameters, combined with the neces-
sary understanding of the process-specific weighing requirements allows for eliminating these misconceptions, 
and helps preventing critical weighing errors that might result in Out of Specification results, both in the labora-
tory and the production environment. 

Conclusion

By implementing GWP® as the science-based global standard for efficient lifecycle management of weighing 
systems, measurement errors are reduced and reproducibly accurate weighing results are ensured. GWP® is 
applied independent of the industry, i.e. its concepts account for the Pharmaceutical, Chemical, Food, Fragrance, 
Metal and other industries as well as for testing and calibration labs. Furthermore, it covers a wide range of 
weighing applications, from weighing very small amounts of substances on microbalances up to weighing  
applications on the industrial shop floor, involving scales with a few tonnes capacity. 

An understanding of the weighing process requirements together with an understanding of the basic principles of 
balance and scale properties as measurement uncertainty and minimum weight enables the user to realize an 
integrated qualification strategy as a basis for achieving qualified weighing processes. Furthermore, an important 
source for Out of Specification results is eliminated, both in the laboratory and the production environment.

The key issue to be considered for a successful operation of weighing instruments is that the minimum weight 
for the required accuracy must be smaller than the smallest amount of material expected to be weighed by the 
user. Furthermore, it is recommended to apply an appropriate safety factor to compensate for the fluctuations of 
the minimum weight due to variability in the environment and different operators working with the instrument.

Appropriate and meaningful routine tests enable the user to test exactly what is needed to adhere to the specific 
weighing requirements, and to avoid unnecessary – and costly – testing. Risk- and life cycle management there-
by form an integral part of an overall strategy to bridge the gap between regulatory compliance, process quality, 
productivity and cost consciousness.
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