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A B S T R A C T

The need to measure volume is an important component of any liquid-based assay, because the final result is 
often based upon the concentration of some analyte within the assay. Volume measurements can be used to 
determine the actual amount of sample throughout an assay. They can also be used to calibrate, routinely verify 
performance of, or optimize liquid classes for liquid handling platforms or other automated or manual pipetting 
devices. This review surveys current liquid volume measurement methods and technologies available for use in 
life science laboratories. Volumes considered in this review range from picoliters to a few milliliters, which are 
typical for life science assays. While the need for volume measurement extends across many different industries, 
the focus here is on applications in biopharmaceutical and clinical life science laboratories. This review evaluates 
key measurable attributes, including the addressable volume range, as well as the attainable precision and ac
curacy of the method or technology. Several important features are also considered such as the ability to measure 
actual samples, commercial availability, regulatory compliance, sample type, workflow integration, suitability 
for in-line use, and relative ease of use.

Glossary of terms
ANSI American National Standards Institute
ASTM American Society for Testing Materials, also known as ASTM 

International
CLSI Clinical and Laboratory Standards Institute
DMSO Dimethylsulfoxide
FBS Fetal bovine serum
ISO International Organization for Standardization
LCO Liquid class optimization
LNE Laboratoire National de Métrologie et d’Essais
NIM National Institute of Metrology
NIST National Institute of Standards and Technology
NMIJ National Metrology Institute of Japan
PBS Phosphate buffered saline
PTB Physikalisch-Technische Bundesanstalt

1. Introduction

As commerce became integral to early civilizations, the accurate 
measurement of goods was essential to ensure equitable exchange. This 
need gave rise to practical measurement techniques, ensuring that 
buyers and sellers could agree on quantities. The ability to measure 
length when selling rope, mass when selling wheat, or volume when 
selling milk grew in importance as trade grew between regions. 
Preferred forms of measurement began appearing on or near medieval 
European churches in the 12th and 13th centuries. For example, a 70-L 
container carved into a large stone at the church in Brélévenez, France 
defines measuring wheat by volume [1].

The need to accurately measure volume has evolved—a need that has 
only grown more critical as scientific discovery has advanced. In today’s 
life science laboratories (e.g., drug discovery, agriculture technology, 
biotechnology, commercial diagnostics, etc.), the measurement of liquid 
volumes forms the foundation of countless experimental protocols. This 
demand is especially pronounced because many laboratory assays 
depend on liquids, making the accuracy of volume—and thus 
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concentration—a direct determinant of experimental results.
Precise measurement and tracking of liquid volumes in the labora

tory has become essential, especially as modern assays trend towards 
automation and miniaturization [2–7]. Accurate volume assessment is 
needed at multiple points throughout an assay, such as: aliquoting initial 
sample, immediately after critical procedural steps (i.e., mixing, 
washing, serial dilution), during incubation periods, and at final readout 
[8]. Additionally, stored sample tracking, liquid handler calibration, and 
liquid class optimization for automated platforms are all dependent on 
volume measurement [9–13]. As such, proper liquid volume measure
ment is critical for any life science laboratory to succeed, especially 
those employing automated platforms [14–22].

Achieving accurate volume measurement and delivery is further 
pronounced when considering the cost of errors within a modern assay. 
Loss due to assay failure may be monetary (ranging from $0.02/sample 
for compound management to $23/sample for commercial diagnostics) 
[23–28] or may cause intractable harm such as negative reputation, loss 
of integrity of the laboratory, strained resource capacity due to repeats, 
loss of valuable patient sample, or patient misdiagnosis.

Other applications of liquid volume measurement include comparing 
performance of liquid handlers within the same laboratory, across sites, 
and across different manufacturers. Volume measurements can also be 
critical during a screening or testing campaign and can include volume 
normalization across microwell plates, flagging test wells outside of 
defined limits, removing erroneous wells from analysis summaries, etc. 
Finally, volume measurement is essential for training in laboratories 
that employ manual pipettes.

This review examines various volume measurement methods and 
technologies that are reported in literature or are commercially avail
able and highlights their attributes. For organizational purposes, the 
various methodologies have been categorized as indirect and direct 
measurement methods. These two categories are defined below, along 
with a description of each technology including accompanying attri
butes. Lastly, the role of measurement uncertainty, traceability and 
standards in measuring liquid volumes is discussed.

1.1. Indirect volume measurement methods and technologies

Indirect volume measurement methods do not measure actual sam
ple solutions used in test assays. Instead, indirect methods rely upon 
surrogate test solutions that are intended to mimic the sample solutions 
of interest. Therefore, indirect methods are used solely for liquid 
handler/pipettor calibration and verification purposes, but not for real- 
time assay monitoring of actual samples. Indirect methods use surrogate 
solutions such as water, buffer, DMSO, glycerol or other solvents 
because i) the method requires certain solution properties (e.g., absor
bance or fluorescence dyes), ii) the real sample is too valuable to 
consume, or iii) the surrogate is thought—rightly or wrongly—to mimic 
the physical and fluidic properties of the true sample. Since surrogate 
solutions are used, pipetting performance is inferred to be adequately 
similar to the sample dispenses in the actual assay. However, because 
the actual sample is never measured, the true volume of that sample can 
never be known using an indirect method. Indirect methods are typically 
employed at the beginning of a run, end of a run, or periodically 
throughout to ensure the liquid handler is performing to specification. 
Indirect methods can often provide a more controlled measurement 
method for determining proper mechanical performance of a liquid 
handling device under very specific controlled conditions. Various 
liquid handler calibration tools have been developed using well- 
controlled indirect methods.

1.1.1. Gravimetry
Gravimetry is a well-known analytical method that is widely used 

today to measure liquid volume. Liquid weight measurement has been 
extensively implemented to determine the volume of a dispensed liquid 
because of the relative ease of use, broad availability of equipment, and 

widespread procedural familiarity within laboratory settings. In the 
simplest case, a volume of interest is delivered into a receptacle posi
tioned on the balance pan, and the weight of the delivered aliquot is 
measured and converted to mass by the balance. The volume is calcu
lated by dividing the measured mass, m, by the density, ⍴, of the liquid: 

V = m/ρ (1) 

While this equation seems simple on the surface, proper imple
mentation for measuring liquid volume is more complex [29,30]. First, 
accurate volume measurement requires knowing the density of the 
liquid being measured, which adds another step to the analysis, and may 
pose a challenge when sample liquids are in small quantities, rare, or 
expensive. Furthermore, liquid density is dependent upon the temper
ature of the liquid, and the atmospheric pressure surrounding that 
liquid. Yet another complicating factor is the impact of air buoyancy on 
the liquid, or rather the different degree of air buoyancy experienced by 
the less-dense liquid sample versus the air buoyancy experienced by the 
more-dense stainless steel weights used to calibrate the balance. For this 
reason, the balance indication is not identical to the actual mass of liquid 
placed on the balance pan. Failing to account for these aforementioned 
factors can add errors to the measured volume of 0.3–0.5 % or more [29,
30]. Fortunately, there is a way to account for all three of these factors 
by modifying the previous equation: 

V = m⋅Z = m⋅
[(

1
ρLiquid − ρair

)

⋅
(

1 −
ρair

ρcal

)]

(2) 

The Z-factor in Eq. (2) is used to correct for the buoyancy of air by 
incorporating the densities of the test liquid, ⍴Liquid, the air, ⍴air, and the 
certified weight used to calibrate the balance, ⍴cal. When using aqueous 
solutions similar to distilled water, the Z-factor can be calculated per Eq. 
(2), or it can be found listed in tables for the temperature and pressure 
conditions at the time of measurement [31,32].

Additional environmental conditions that can negatively impact 
gravimetric measurements include evaporation, vibration, air drafts and 
static electricity [29]. Each of these conditions can be mitigated by 
proper procedures (e.g., compensate for evaporation in calculations), 
use of additional mechanical equipment (e.g., marble table and draft 
shields to dampen vibration), electrical components (e.g., evaporation 
trap and air ionizer to reduce evaporation and static buildup), and better 
control over laboratory conditions (e.g., temperature and humidity 
controlled environment) [31].

Implementation of gravimetry for measuring liquid volume becomes 
more challenging with decreasing sample volume. The impact of the 
previously described environmental factors increases, along with the 
overall measurement uncertainty. Fortunately for laboratory users, 
gravimetry is a mature methodology with well-defined procedures that 
reduce the impacts of the negative factors listed above. Current balance 
technology can reliably measure volumes below 0.5 µL. Gravimetry can 
be used to directly measure sample volumes, but this is usually not 
performed in real-time for every sample. More typically, gravimetry is 
used as an indirect method to perform handheld pipette and liquid 
handler calibrations, as well as optimization of liquid classes for auto
mated liquid handlers. Most of this testing uses deionized water or 
surrogate solutions, but not real sample solutions. Methods referred to in 
ISO 8655–6, ISO 23783–2 and ASTM E1154 each describe rigorous 
approaches that can be used to determine volume with well-controlled 
gravimetric measurements, and are specifically focused on calibration 
methods for pipetting equipment [31–33]. Gravimetry can be traceable 
provided the user employs a calibrated balance, calibrated equipment 
for measuring environmental conditions, accounting for density of the 
test liquid, minimizing and accounting for evaporation, and correcting 
for air buoyancy impacts at the time of measurement. This method is 
more easily implemented for single-channel analysis (e.g., 
single-channel pipette) but can be implemented for multichannel pi
pettes with specialized equipment (e.g., a multipan electronic balance) 
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[34]
Many laboratories employ a derivative of the ISO and ASTM 

methods, which may be more suited to their needs. In these cases, 
depending on the level of accuracy and precision required, some of the 
variables that may differ are accuracy and readability of the analytical 
balance, use of an anti-vibration table, degree of environmental control, 
and types of environmental monitoring equipment. In cases where the 
samples are not diluted in pure water, other solvents can be used as long 
as the density is either known (e.g., DMSO, glycerol, methanol, etc.) or 
can be determined with a densitometer. Although the only way to 
calculate accuracy for each channel in a multichannel head is to measure 
each channel separately, some laboratories will weigh an empty plate, 
dispense the same volume across an entire 96-, 384-, or 1536-well plate, 
weigh the plate after dispense, and calculate an average volume per 
well. The benefit to this approach is that the testing throughput in
creases by measuring all channels at once. However, individual channel 
performance is completely lost because it is measured in the aggregate. 
Gravimetry is neither practical nor efficient for assessing multichannel 
devices or directly measuring large numbers of samples due to the time 
commitment required. However, gravimetry is a very popular choice for 
calibrating liquid handlers as well as developing or optimizing liquid 
classes on automated liquid handlers for just about any liquid of known 
density.

In spite of the associated challenges, gravimetric analysis has been 
used in various ways to measure liquid volumes. Bessemans et al. used 
gravimetry to create and optimize liquid classes for multiple solution 
types on a Tecan automated liquid handler (Tecan Group Ltd., 
Männedorf, Switzerland) using an integrated balance and densitometer. 
In this study, a variety of solutions were tested as part of a high- 
throughput formulation development campaign [35]. Similarly, Xie 
et al. described an automated approach to liquid class optimization for 

bioassays employing a variety of liquid types such as methanol, water, 
mixed solvents, and plasma. This automated approach was especially 
useful for liquids with unknown densities such as mixed solvents and 
plasma, which can vary from species to species [36]. Hamilton (Ham
ilton Company, Reno, NV, USA) employs gravimetric analysis as part of 
its Liquid Verification Kit for on-board automated liquid handler veri
fication and liquid class optimization [37]. Armbruster et al. charac
terized a first-generation automated liquid handler dispensing saline 
and serum solution using a gravimetric approach. By calibrating the 
liquid handler for each unique solution, inaccuracy ranging from − 0.5 % 
to 0.6 % and imprecision of 0.1 % to 0.6 % were achieved for saline, and 
− 0.8 % to 0.7 % inaccuracy and 0.02 % to 0.8 % imprecision were 
achieved for human serum, which was an improvement over the factory 
settings of the liquid handler [38].

The preceding gravimetric methodologies all focus on relatively 
large sample volumes at approximately 5 µL and above. Current bio
pharma assays continue to drive test volumes into the nanoliter and even 
picoliter volume ranges, which poses significant challenges for making 
gravimetric measurements. Microbalance technology can extend mass 
measurements down to 0.1 µg, or roughly 0.1 nL of water. However, 
because of the environmental challenges associated with gravimetry, 
particularly evaporation, the uncertainties of these measurements make 
them unreliable. To address this nanoliter volume range, Liang et al. 
developed a unique gravimetric approach for testing volumes dispensed 
by microdroplet delivery devices [39]. This technique was developed 
primarily for non-contact microdispensers and implements a linear 
regression approach to remove the effects of continuous evaporation 
that would otherwise obscure the signal for very small dispense vol
umes. Essentially, linear regression is applied to a large number of 
individually measured data points for a liquid on the balance pan, both 
directly before and after sample addition. The regression lines allow for 

Fig. 1. Overview of single-dye and dual wavelength photometric approaches. (a) Using the rearranged form of Beer’s Law (Eq. (4)), the pathlength, l, is determined 
from the measured absorbance, A. By incorporating the well dimensions with the pathlength, the volume of liquid can be calculated. For the case of a standard flat- 
bottom round well, as depicted here, the bottom diameter, D, the sidewall taper angle, θ, and the measured height, l, are used to calculate the volume of a truncated 
cone: VT = πl D2

4 + πDl2 tanθ
2 + πl3 tan2θ

3 (b) Illustration of a dual-wavelength photometry method based on the near-infrared absorbance properties of water. By 
measuring the absorbance values in a horizontal-beam format at 900 nm and 1000 nm for an aqueous sample in a 1-cm cuvette, and by repeating those measurements 
in a vertical-beam format in the microtiter well, the liquid height can be determined for each well in a microtiter plate using Eq. (6). This approach enables 
normalization of volume differences across the plate. An alternative dual-wavelength approach employs two distinct absorbance dyes, where one dye is used to 
determine total liquid volume and the second dye is used to calculate sample volume using a ratio of the measured absorbance values for both dyes, as described by 
Eq. (7).
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subtracting the evaporative loss before and after sample dispense, 
thereby allowing for accurate measurement of the microdroplet added 
by the dispenser. This approach is reported to be applicable for volumes 
from 100 µL down to 1 nL. The reported systematic error for this 
approach ranges from 0.5 % to 5 % for a volume range of 1 µL down to 
15 nL, with a random error ranging from <0.5 % to 5 % over that same 
volume range [33].

Liang et al. also developed a novel method for nanoliter droplet 
measurement by using a quartz crystal microbalance with a polymer 
coated sensor to promote droplet adhesion. While this is not strictly a 
gravimetric approach, it measures vibrational dampening due to a 
change in mass, from which the volume of a droplet can be deduced. 
Although only demonstrated for a limited volume range (e.g., 3 nL to 13 
nL), the report demonstrates the feasibility of using quartz crystal mi
crobalance technology for measuring nanoliter and possibly picoliter 
droplet volumes [40].

1.1.2. Single-dye photometry
Absorbance photometry has been used extensively as an analytical 

tool to determine liquid volumes by employing the Beer-Lambert Law 
[41]: 

Aλ = ελ⋅l⋅C (3) 

where A is the measured absorbance of an analyte at a specific wave
length λ, ε is the molar absorptivity at λ, l is the pathlength of light as it 
passes through the liquid sample, and C is the concentration of analyte in 
the liquid sample. A rearrangement of Eq. (3) can be used to determine 
an unknown pathlength through a solution with a known concentration 
of analyte: 

l =
A

ε⋅C
(4) 

The product εC in the denominator conveniently defines how much 
light is absorbed per centimeter of pathlength through the liquid sample. 
Eq. (4) becomes most useful when measuring solutions in a multiwell 
plate, or in other vertical photometry applications where the pathlength 
is variable and dependent upon the volume of solution.

Eq. (4) can be used in two different ways to determine the volume of 
liquid in the wells of a multiwell plate. One approach involves 
measuring the absorbance of a solution with a known dye concentration 
and calculating the corresponding optical pathlength from Eq. (4). This 
pathlength, along with the dimensions of the well (i.e., bottom diam
eter/width and taper angle of the sidewall), can be used to calculate the 
volume of solution in that well, as depicted in Fig. 1a. This geometrical 
calculation approach requires the sample liquid to be uniformly spread 
across the well bottom thereby forming a uniform meniscus. For a 96- 
well plate, volumes below approximately 25 µL generally do not 
spread across the well bottom and require addition of a diluent solution. 
One significant source of variability in this approach is how accurately 
the well dimensions are known.

The second approach using Eq. (4) recognizes that the measured 
pathlength is directly related to the volume of solution in the well. This 
approach requires establishing a calibration curve of the absorbance 
response at various known volumes. The benefit of a calibration curve is 
that neither the well dimensions nor the dye concentration are needed. 
Reliable calibration curve generation requires that dispensed volumes 
be known with quantitative accuracy, achieved either through the use of 
a calibrated dispensing device (e.g., glass syringe, pipette, or liquid 
handler) or by independent gravimetric verification. This calibration 
curve approach has been described in step-by-step detail making it 
relatively easy to adopt in common biopharma laboratories with stan
dard laboratory equipment [42].

Single-dye absorbance approaches have been implemented using 
easily prepared dye solutions such as tartrazine and Orange G. These 
dyes are widely available, inexpensive, and stable, and have become the 

absorbance dyes of choice for laboratories developing in-house liquid 
handler measurement protocols [33]. As an example, Kairs et al. [43]. 
described a protocol using tartrazine dissolved in water to assess the 
accuracy and precision of Agilent Bravo 96-Channel devices (Agilent 
Technologies, Santa Clara, CA, USA) at the lower end of the device 
working range (e.g., 2.0, 5.0, and 10.0 µL). After testing three liquid 
handlers over multiple days, and multiple operators using 250 µL tips, 
the overall study demonstrated that the method was suitable to measure 
instrument precision of <3 % CV and relative inaccuracy of <5 %. The 
applicability of this approach is dependent on samples being in a similar 
aqueous matrix as the dye.

A method using Orange G was described by Stangegaard et al. [42]. 
in which two serially diluted calibration curves were prepared for two 
different volume ranges: one range for ≤10 µL, and another for >10 µL. 
Standards were prepared in quadruplicate across each row of a 96-well 
plate. The total volume for each well tested was 200 µL. Acceptance 
criteria for the lower volume range (i.e., ≤10 µL) were <20 % impre
cision and inaccuracy, and for the higher volume range (i.e., >10 µL) 
were <10 % imprecision and inaccuracy. The calibration curve on each 
plate was deemed acceptable if the R2 from a linear fit was greater than 
0.99. This method was suitable for continuous validation of 8-channel 
automated liquid handlers used for accredited work under the ISO 17, 
025:2005 standard.

A commercially available single-dye spectrophotometric method 
based on tartrazine has been described in detail by Stojadinovic (GLH 
QC Kit by Automation Trainer, Sacramento, CA, USA) [44]. A collabo
ration between Cooper et al. and Automation Trainer studied the impact 
of evaporation, stability, and pathlength variation in an effort to qualify 
automated liquid handlers [45]. Unique to this commercially available 
single-dye method is the use of a universal validation reference plate to 
enable NIST traceability, validation of plate reader performance, and 
validation of pipetting systems by including a calibration curve. Another 
commercial method was developed by Andrew Alliance (now part of 
Waters Corporation, Milford, MA, USA). This product is an accessory to 
the Andrew robotic system named CaliBro[46] which uses photometric 
dye solutions and an integrated microplate reader to calibrate the pi
pettes that are part of the Andrew pipetting robot. This product may no 
longer be available.

Single-dye photometric methods for measuring liquid volume have 
been in use since the late 1990s and are fairly mature techniques. 
However, there are some caveats that users must be aware of. First, the 
liquid must uniformly cover the bottom of the well, which is typically 
above 25 µL in a 96-well plate. Second, the liquid meniscus must be 
uniform, which may preclude complex liquids like protein solutions, 
detergent solutions, serum, etc. from being used as standards. Third, test 
solutions cannot be turbid or opaque, nor contain any species with 
absorbance bands that overlap the measurement dye. Fourth, only plates 
suitable for absorbance readings (i.e., clear bottom, flat bottom plates) 
can be used for the volume measurement, regardless of assay plate type. 
Fifth, a dye solution, depending on concentration, may not adequately 
represent the fluidic properties of the sample solution during liquid 
dispense. Several of these caveats point to why single-dye photometry is 
not often suitable for directly measuring the volume of real sample so
lutions, but instead is mainly used to test pipetting performance of liquid 
delivery devices.

One interesting method that is easily implemented using single-dye 
photometry is that of measuring only the precision of a pipetting de
vice. This method uses a working stock solution of a defined concen
tration of dye that is pipetted into all wells of a multiwell plate, or a 
series of multiwell plates. Absorbance measurements for each well are 
collected and used to observe trending and overall precision across a 
plate, between dispense sequences, between tips, or between plates. For 
dispense accuracy measurements, a calibration curve needs to be pre
pared each time a liquid handler is evaluated. To ensure reproducibility 
between liquid handlers, operators, and sites, the calibration curve 
should meet predetermined specifications for R2, slope, Y-intercept, and 
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residuals. While precision measurements are quick and easily accom
plished, accuracy measurements require more effort. The quality of the 
spectrophotometer, reagents, and plates will all affect the measurement 
uncertainty.

1.1.3. Dual-wavelength photometry
Some unique approaches for measuring liquid volume have been 

developed that incorporate absorbance measurements at multiple 
wavelengths. The concept of using multiple measured absorbance values 
to determine a solution pathlength has been known for well over 30 
years. McGown et al. described a method that uses the near infrared 
absorbance of water, measured in both a standard 1-cm pathlength 
cuvette and a microtiter well, to determine the optical pathlength 
through an aqueous sample [47–48]. Water is transparent from 200 nm 
to 900 nm but exhibits a distinct temperature isosbestic absorbance 
point at 1000 nm. By subtracting the measured baseline absorbance at 
900 nm from the absorbance at 1000 nm, the baseline corrected 
absorbance for water can be determined. When measuring the absor
bance of the same sample in two different containers, Eq. (3) can be used 
to establish the following relationship: 

A1

l1
= εC =

A2

l2
(5) 

This relationship is convenient because it eliminates the need to 
know either the molar absorptivity, ε, or the concentration, C, of the 
absorbing band in water (i.e., the chromophore). All that is required to 
determine the optical pathlength through an aqueous sample in a 
microplate well are the absorbance values at 900 nm and at 1000 nm in 
the microtiter well (mtw), and those same absorbance values from the 
sample in a standard 1-cm cuvette, as depicted in Fig. 1b In this specific 
case, Eq. (5) becomes: 

lmtw = lcuvette⋅
(

(A1000 − A900)mtw
(A1000 − A900)cuvette

)

(6) 

where for most purposes lcuvette is assumed to be 1.0 cm for a standard 
square reference cuvette.

Molecular Devices (Molecular Devices, San Jose, CA, USA) in
corporates this capability into certain models of their absorbance plate 
readers by including a square cuvette measurement port (called the 
PathCheck Sensor) [49,50]. This enables the user to perform A900 and 
A1000 measurements for their sample type in a standard 1-cm pathlength 
cuvette, as shown in Fig. 1b, thereby establishing the absorbance per 
pathlength for that specific sample solution. That value can then be 
applied to volumes of that sample solution dispensed into each well of a 
multiwell plate, allowing for calculation of the liquid height in each 
well, also described in Fig. 1b Knowing the liquid height can be used to 
normalize the absorbance response across the plate, thereby reducing 
well-to-well variability caused by different liquid levels. The liquid 
height can also be used to determine the volume of liquid in each well 
and can therefore be used to detect pipetting errors [51]. However, 
doing so requires knowing the dimensions of the well, which contributes 
to the measurement uncertainty for this approach. Also, this method was 
developed based on the intrinsic absorbance properties of water and is 
thus limited to aqueous solutions. This approach has been reported as 
applicable for protein, nucleic acid, and NAD(P)H assays [51].

This photometric approach is equally applicable as both a direct and 
an indirect measurement method, and has arguably found more appli
cation as a direct sample measurement approach. One of the strengths of 
this approach is that it is broadly applicable to aqueous sample solu
tions, because the water absorbance bands are natively present. By 
comparison, other photometric approaches would require addition of a 
separate dye species to the sample.

Curtis et al. developed a different dual-wavelength approach for 
calibrating single-channel handheld pipettes, which was commercial
ized by Artel (now part of Nova Biomedical, Waltham, MA, USA) as the 

PCS (or Pipette Calibration System) [52–54]. The system consists of a 
dedicated photometer that measures at only the two wavelengths of 
interest, vials filled with a specific volume of blue dye, and bottles of red 
dye. This technique begins by inserting a vial filled with a known vol
ume of blue dye of known concentration into the horizontal-beam 
absorbance photometer. The instrument measures the blue dye absor
bance and calculates the pathlength through the vial. The user then 
pipettes the test volume of a red dye solution of known concentration 
into the vial, the vial is mixed, and the absorbance of the red dye is 
measured. The measured red dye absorbance, along with the known 
starting concentration of red dye, the measured pathlength through the 
vial, and the known starting volume of the blue dye in the vial are all 
used to calculate a dilution of the red dye, and thus the volume that was 
dispensed by the pipette. This method is not applicable beyond pipette 
calibration as it requires very specific dye concentrations in both the test 
vial solution and the test sample solution. A detailed description of the 
method, including solution preparation, photometer specifications, and 
calculation procedures, is provided in ISO 8655 part 8, which is publicly 
accessible [55]. When the method described in ISO 8655–8 is followed, 
the volume measurements are traceable to international reference 
standards.

A second system developed by Curtis et al., the Multichannel Veri
fication System (MVS), uses a dual-dye approach tailored for calibration 
of multichannel pipetting devices and relies on the same fundamental 
principle as the PCS [56,57]. This approach requires several compo
nents: a diluent solution containing a known concentration of blue dye, a 
sample solution containing the same concentration of blue dye as in the 
diluent plus a known concentration of red dye, a plate reader capable of 
measuring at the two wavelengths, and a multiwell plate with wells of 
known dimensions (i.e., bottom diameter, sidewall taper angle). In this 
technique, the target volume of sample solution is dispensed into the 
wells of the multiwell plate. A volume of diluent is separately dispensed 
into the wells. The plate is thoroughly mixed, each well is measured at 
both wavelengths and analyzed for pathlength (blue dye of fixed con
centration) and sample dispense volume (red dye). Since the blue dye 
concentration is fixed it can be used to calculate the pathlength in each 
well by using Eq. (4). Knowing the pathlength and the well dimensions 
for the multiwell plate, the total volume VT is calculated for each well 
using either the volume of a truncated cone when using a 96-well plate, 
or the volume of the frustum of a square pyramid when using a 384-well 
plate [56,57]. The red dye of known concentration becomes diluted 
upon mixing with the diluent in the well, and the measured absorbance 
values are used to determine the sample volume VS through a ratio
metric expression of Beer’s Law: 

VS = VT⋅
(

εbCb

εrCr

)

⋅
(

Ar

Ab

)

(7) 

where εbCb are the molar absorptivity and concentration of the blue dye, 
εrCr are for the red dye, and Ar and Ab denote the absorbance values 
measured for solution at the red and blue wavelengths, respectively.

The MVS calculates both precision and accuracy for multiple dis
penses from single or multichannel devices [57]. This commercial sys
tem obviates the need to establish a calibration curve and provides 
traceable measurements. While this system has become an industry 
standard for calibration of liquid handlers, it cannot be used to measure 
volumes of actual sample solutions and must instead rely on surrogate 
solutions for calibrations and liquid class optimization [58]. This 
method, along with the reagent formulation requirements, photometer 
specifications, and calculation procedures is provided in ISO 23783, 
which is available for public use [32].

This approach has also been commercialized by Tecan as the QC Kit 
and used as an onboard quality control tool for volume verification of 
automated liquid handlers [59]. Rodrigues et al. presented a notable 
application of the dual-dye method using the Tecan QC Kit to assess the 
influence of environmental conditions (i.e., temperature and humidity) 
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on automated liquid handler performance. Their results showed that 
while changing temperature and humidity had little impact on the 
precision of volumes delivered, accuracy decreased through a linear 
relationship to the evaporation potential—a factor dependent upon both 
temperature and humidity [60].

A unique application reported by Dong et al. applied the MVS dual- 
dye method to detect sample dilution in an automated liquid handler 
using fixed-tip cannula with a syringe pump pipetting mechanism. The 
authors identified dilution of the dye solution caused by residual system 
fluid on the inner walls of the fixed tips—a problem not revealed by 
gravimetry, since delivered volumes remained accurate [61]. This work 
prompted adjustments to pipetting routines to minimize dilution arti
facts [62].

Rhode et al. described yet a different dual-wavelength approach 
[63]. Similar to the method presented by Curtis[56–58], this approach 
incorporates a sample solution that contains a fixed concentration ratio 
of dye 1 to dye 2, plus a diluent solution that contains dye 2 at the same 
concentration as in the sample solution. Two different approaches were 
demonstrated, one using ratios of absorbance dyes (nitrophenol and 
phenolphthalein), the other using ratios of fluorescence dyes (methyl
umbelliferone and fluorescein). By employing the multiwavelength 
method, errors due to the path length variability were significantly 
reduced as compared to using a single dye only. For the absorbance ratio 
method, the overall measurement precision approached the values due 
to the reader itself. This method provides a good example of photometry 
used to assess the precision of volumes dispensed within a plate. The 
photometric/fluorometric signals were not used to determine the ac
curacy of sample volume dispense from the liquid handler, but were 
limited to determining the well-to-well variability. A gravimetric 
approach was used to determine accuracy of the dispensed volume.

1.1.4. Fluorescence
Fluorescence methodologies applied to volume measurement have 

been described by several groups and have been used primarily for low- 
volume dispense testing, and for dilution series testing. Compared to 
absorbance approaches, fluorescence measurements are collected 

against a much lower background, resulting in greater sensitivity, and a 
limit of detection that is typically two to three orders of magnitude 
better than that achievable with absorbance. Fluorescence dyes also 
provide a linear dynamic range spanning four to five orders of magni
tude in concentration, whereas absorbance dyes are typically restricted 
to two to three. Consequently, a single fluorescence dye solution can 
measure smaller volumes across broader dilutions that would otherwise 
require multiple absorbance dye concentrations.

A fluorescence-based method consists of preparing a stock solution of 
fluorophore and subsequent working solutions. Working solutions of 
different concentrations are prepared to be used for testing at different 
volume ranges, with the lowest test volumes requiring higher concen
trations of fluorescence dye. For a volume measurement assay, the liquid 
handler aspirates a target volume of the working standard and dispenses 
into a multiwell plate. If necessary, a diluent is used to fill each well to a 
defined working volume, the contents of the plate are mixed, and the 
fluorescence intensity in each well is measured, as shown in Fig. 2a. 
Similar to Beer’s law, the fluorescence intensity, F, is related to the dye 
concentration, C [30,64,65]: 

F = 2.3⋅Kʹ⋅ε⋅b⋅C⋅P0 (8) 

where ε is the molar absorptivity, b is the effective pathlength of emitted 
light (which is the distance over which photons escape the sample and 
are collected by the optics), K’ is the quantum efficiency of the dye, and 
P0 is the power of the incident light beam.

Measured fluorescence depends on the dye, its chemical environ
ment (e.g., pH, presence and concentration of other chemical species), 
and prolonged exposure to light (which can cause photobleaching of the 
dye). Fluctuations in incident beam intensity, and changes in instrument 
optics due to thermal instabilities also impact the measured fluores
cence. Calibration curves, like that shown in Fig. 2b, are commonly used 
to account for these sources of variability, enabling fluorescence to 
provide reliable volume measurements without addressing each factor 
individually.

Similar to absorbance methods, fluorescence-based precision testing 

Fig. 2. Schematic depiction of a fluorescence-based method. (a) A dichroic mirror reflects the excitation wavelength, λex, into the sample in a microwell while 
transmitting the emission wavelength, λem, to the detector. The fluorescence signal is directly proportional to the optical pathlength, from which volume can be 
calculated. (b) Alternatively, volume can be calculated from a calibration curve by plotting fluorescence intensity against dispensed volume.
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of pipetting devices is straightforward and typically easy to implement. 
The liquid delivery device dispenses the target volumes in a desired 
pattern into the multiwell plate. The measured signal is then used to 
determine trends in dispense-to-dispense, tip-to-tip, plate-to-plate, in
strument-to-instrument, or other patterns.

Fluorescein (sodium fluorescein and fluorescein isothiocyanate) has 
been widely used as a fluorescence dye due to its high quantum yield, 
low cost, availability, and excitation and emission wavelengths that are 
standard in most fluorescence readers. Also, the solid dye is readily 
dissolved in polar solvents like DMSO and water [63]., [66,67] Fluo
rescein was extensively studied by Harris and Mutz and was chosen as 
the fluorophore to qualify all Labcyte (now part of Beckman Coulter Life 
Sciences, Indianapolis, IN, USA) acoustic droplet ejection instruments 
because of its sensitivity which allowed for nanoliter volume measure
ments [66].

Peterson and Nguyen explored the performance of a fluorescence 
approach versus an absorbance approach for measuring the volume 
precision in 96-, 384- and 1536-well plates. Although this study evalu
ated volumes from 3 µL to 100 µL, which are higher than what fluo
rescence is typically used for, the objective was to compare the two 
approaches. Also, the use of a dual-dye methodology was described 
wherein the test solution contained both the fluorescence and absor
bance dyes, which helped compensate for plate-to-plate variation [68].

Taylor et al. developed a liquid-handling quality control program 
that implemented two fluorescence-based methods for volume mea
surement. Both assays (“level 1″ and “level 2”) used rhodamine green or 
Cy5 dye solutions and incorporated either calibration curves or 
gravimetry to determine volume accuracy, depending on the dispensing 
mode. Level 1 provided rapid, routine assessments of instrument per
formance generally applied to existing equipment, while level 2 
employed factorial statistical designs to evaluate dispenser-specific pa
rameters and establish performance limits of new equipment. The 
resulting framework was adopted as a standard operating procedure by 
assay development and screening groups in support of high-throughput 
screening functions [69].

Other fluorophores, such as Alexa Fluor 488, have been used as 
standards to overcome photobleaching effects and pH instability. 
Quintero et al. reported using Alexa Fluor 488 solutions to test the 25-nL 
dispense volume from Labcyte acoustic dispensers. This in-house fluo
rescence method relied on a calibration curve to determine volumes and 
was compared to a commercially available dual-dye absorbance 
method. This work determined that the two methods were comparable 
with respect to precision and accuracy. The one differentiating factor 
was the amount of time it took to perform each method, with the 
commercial method being faster regardless of the number of plates 
measured [70].

Red-shifted fluorophores like sulforhodamine 101 (Texas Red) have 
been used to minimize background interference, reduce photobleaching, 
and improve stability in DMSO [71]. Walling developed a method using 
sulforhodamine 101 to test a serial dilution protocol in 384-well plates 
that covered a dilution range of 107. Jones et al. reported a procedure 
using rhodamine 110 to qualify plate washers on a weekly basis. Plates 
were filled with a rhodamine 110 test solution, with a few control wells 
filled with just PBS to show background. The plates were then washed 
with the equipment being tested. PBS was then added to all wells before 
reading on the plate reader. This method readily identified any blocked 
or damaged tips [72].

While fluorescence-based volume measurements allow for sub-µL 
dispenses to be readily determined, the technique also relies on creating 
calibration curves for accuracy measurements. The creation of calibra
tion curves is not inherently difficult, but it is difficult to replicate daily, 
between laboratories, between instruments, and between scientists. In 
contrast to absorbance methods, calibration curves are used for only 
hours to days, depending on the dye system and instrument used. There 
are no commercially available products that take advantage of the 
fluorescence sensitivity. However, ISO 23783 presents an approach that 

allows for traceable measurements down to 1 nL with systematic and 
random errors of < 8 % [32].

1.1.5. Combination photometry and gravimetry
Measuring volume using a combination of gravimetry and photom

etry allows a user to harness the strengths of both methods, while cir
cumventing some of the negative aspects of each. Combining 
photometry and gravimetry into one method has been a common 
practice used for calibrating multi-tip pipetting heads by users, service 
providers, and manufacturers of liquid handling equipment. This has 
been particularly true for multi-tip pipetting heads where tips are me
chanically ganged together and are incapable of pipetting independently 
(i.e., 96 tips driven by one drive mechanism). For these types of pipet
ting heads, a common approach is to fill an entire multiwell plate with 
the volume of interest using a solution that contains an absorbance dye 
or a fluorescence dye, weighing the entire plate, and dividing by the 
total number of wells to arrive at the average volume per well [32]. The 
absorbance or fluorescence is also collected for the plate, which mea
sures each well individually and shows the variability across the plate. 
For this approach, gravimetry provides a straightforward method to 
determine the accuracy of dispense as an aggregate, but it cannot discern 
how each tip performed. While the uncertainty of individual gravimetric 
measurements increases at lower test volumes, this is somewhat miti
gated by measuring the entire plate. This results in a total mass that is in 
a more ideal measurement range for the balance. The photometric 
measurement, on the other hand, provides a straightforward measure
ment of the dispense volume of individual tips. Thus, this combination 
method derives its accuracy from the gravimetric measurement and the 
precision from the photometric measurement.

A variant of the combination method is to gravimetrically measure 
the volume dispensed from one tip from the whole group [32]. For 
example, using a 96-tip head, only one tip is mounted, and the volume 
dispensed from that one tip is measured gravimetrically, and repeated 
several times (e.g., n > 3). This process may be repeated for a few tips at 
different locations across the pipetting head (e.g., tip A1, tip H12, tip D4, 
etc.), allowing for determination of how accurately that one tip dis
penses the target volume. In a separate experiment, all tips dispense a 
dye solution into a microwell plate for photometric measurement, which 
is then used to normalize the readings of each tip to the 
gravimetrically-measured reference tip.

The strength of the combination methods is that they use gravimetry 
to collect a traceable and accurate measurement of the volume 
dispensed. Conversely, the approach used for either absorbance or 
fluorescence does not require establishing that accuracy link, meaning 
the method involves a precision-only approach which essentially only 
requires a dye concentration that will produce an absorbance or a 
fluorescence signal that is easily measurable by the photometer being 
used to make the measurements.

Some examples of a combination method have been reported. Jones 
et al. described a dual measurement approach to assess performance of 
automated liquid handlers. Gravimetry was used to determine an ab
solute volume average across an entire plate, while tartrazine was used 
to assess well-by-well measurements. This single dye absorbance 
method allowed users to calculate precision and well-by-well accuracy 
based on a calibration curve [72]. As reported previously in this review, 
Taylor et al. developed two fluorescence-based methods that couple 
fluorescence with gravimetry to provide an SOP for routine liquid 
handler QC and for assessing new equipment [68]. Similarly, Hamilton’s 
(Hamilton Company, Reno, NV, USA) Field Verification Kit 2 (FVK2) 
employs both gravimetry and photometry. With the FVK2, liquid con
taining dye is first transferred to a multiwell plate, then weighed to 
determine volume accuracy. A clear borate diluent is then added to the 
wells and analyzed on a plate reader to determine precision. This 
approach is used during automated liquid handler installation and 
operational qualification testing [73,74].
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1.1.6. Capillary fill length
A method for liquid handler calibration based on measuring how far 

an aqueous dye solution will move into a microfluidic channel by 
capillary forces has been developed by Hamilton. The Hamilton Ver
iPlate is a high-precision volume measurement plate, laid out in ANSI- 
SBS format, with 48 wells each attached to an individual microfluidic 
channel. The liquid handling tool dispenses a target volume of a blue dye 
solution into the wells of the VeriPlate where the dye solution is then 
pulled into the microfluidic channel by capillary forces. An image of the 
plate is gathered on a flatbed scanner, and software is used to measure 
the length of the solution in the microfluidic channel. Based on the ge
ometry of the microfluidic channel’s cross-sectional area, A, and the 
length, l, of the liquid in the capillary, the volume of dye solution is 
calculated, as described in ISO 23783: 

V = A⋅l (9) 

This method serves to efficiently evaluate the trueness and precision 
of the dispensed volume by optical image analysis of liquid filled cap
illaries. This liquid verification tool is intended for the routine testing of 
volumes between 5 µL and 10 µL [74,75].

Similarly, NextAdvance (NextAdvance, Troy, NY, USA) developed a 
rapid volume assessment technique commercialized as Checkit Pipette 
Accuracy Test. This technology was first released for testing single 
channel pipettes, but more recently was expanded into an 8-channel 
plate called Checkit Go. The device consists of a plate with eight wells 
that are connected to graduated glass capillaries. Dye-containing sample 
solution is dispensed into the well, and the liquid is drawn into the 
capillary. The location of the meniscus in the capillary is then measured 
using the graduation marks, indicating the volume that was dispensed. 
To visualize the liquid a red dye is added to the samples. The 5-, 10-, 20-, 
and 50-μL models are reported to be within 2 % accuracy, while accu
racy of the 1- and 2-μL models are reported to be within 3 %. Pipetting 

data is recorded and analyzed through a handheld image recorder with 
analysis software. In addition to water, a variety of sample liquids such 
as DMSO, glycerol, serum, plasma, and ethanol can be measured [76,
77].

1.1.7. Differential pressure
A pressure-based volume measurement method, reported by Bonzon 

et al., calculates delivered volume from the pressure differential 
generated between two chambers by piston displacement during pipette 
operation [78]. UniPix (UniPix GmbH, Tubingen, Germany) developed 
this method into an instrument for calibrating single- and eight-channel 
pipettes (Atmos - Pipette Accuracy Tester) [79]. A volume measurement 
cycle, depicted in Fig. 3, begins by inserting the pipette tip into a port 
connected to an upper chamber which is separated from a lower 
chamber of volume Vref by a valve. With the valve open, the pressure 
between the two chambers is allowed to stabilize and the initial pressure 
(P0) is measured. The valve is then closed, and the pipette dispenses the 
desired volume of air into the upper chamber. The pressure of the upper 
chamber is measured (P1), and then the valve between the two chambers 
is opened and a second pressure measurement is obtained (P2). The 
volume displaced by the pipette, ΔV, is calculated by Eq. (10): 

ΔV =
Vref[(

P1

P1 − P0

)

−

(
P2

P2 − P0

)]
(10) 

This device is reported to be useful for volumes between 2 μL and 
1250 μL with inaccuracies ranging from ±0.14 μL at a test volume of 10 
μL, to ±4 μL at a test volume of 1250 μL. The precision measured at 
those volumes is ±0.06 μL and ±1.4 μL, respectively.

Fig. 3. Depiction of the differential pressure method, where changes in chamber pressure are used to calculate the volume of air dispensed by a handheld pipette. (a) 
In this method the pipette tip is inserted into the device where the starting pressure, P0, of both chambers is equal. (b) A valve is closed to isolate the top chamber 
from the bottom chamber and the pipette plunger is depressed producing an increased pressure, P1, in the top chamber. (c) Reopening the valve allows the pressure to 
equilibrate to P2, from which the dispensed volume is calculated using Eq. (10).
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1.2. Direct volume measurement methods and technologies

Direct volume measurement methods measure the volume of actual 
sample solution used in an assay. This capability opens up a wider range 
of uses than are available to the indirect measurement methods 
described previously. Measuring actual sample solutions allows for in- 
line, real-time measurements to determine if samples are present in li
brary plates, total volume of each assay volume transfer step, amount of 
evaporation during a process, and pipetting performance of a liquid 
delivery device. The volume to be measured may already be present in 
the well and not directly associated with a specific pipetting step, it may 
be measured directly after being dispensed from a pipetting device, or it 
may be flowing through a dispensing device as it is being delivered in 
real time. In general, the use cases for direct measurement methods 
allow for several more applications than those achieved by indirect 
methods. Every sample dispense can be monitored, controlled, or 
tracked because direct methods can be implemented in-line for real-time 
volume measurement. Liquid handler performance can be assessed for 
each well of each plate, which allows for collection of valuable quality 
control data during a run. Not only can direct volume measurement 
provide real-time trend data, but it also allows the user to intervene 
sooner in case of a problem. However, direct methods are also generally 
less controlled and may require more work by users to customize for 
their particular use case.

1.2.1. Optical methods
Some of the more recent approaches to volume measurement involve 

optical methods using visible light to measure the liquid fill height of 
solutions in microplates. In these methods, a beam of light is incident 
from above, and onto the surface of the liquid in a sample container (e. 
g., microplate or microtube). The height of the meniscus with respect to 
some reference point is measured. For these measurements, the probing 
light beam is external to the sample solution. These approaches offer 
some significant advantages such as measurements are non-destructive, 
they are applicable to real sample solutions, they can be conducted in 

the actual assay plates or microtubes, and they allow for in-line mea
surements at various points during an assay.

In one approach first reported in 2016, Luedemann [80,81] 
described a prototype device that uses a form of interferometry to 
measure liquid volumes in microplates. Interferometry uses interference 
of light waves to measure small changes in distance, surface character
istics, or other physical properties. As depicted in Fig. 4a, this technique 
uses a beam splitter to divide a light source into two paths; one beam 
travels to a sample and is back-reflected to a detector, the other beam 
travels to a moving reference mirror and is also back-reflected to the 
detector. The superposition of the two waves at the detector form an 
interference pattern (called an interferogram, shown in Fig. 4b). Mea
surement information about the sample is contained within the resulting 
interferogram and can be extracted using various mathematical 
modeling techniques (e.g., Fourier transform, Hilbert transform, and 
other integral transforms).

Interferometry generally uses a coherent light source, such as a laser 
beam. However, when a broadband light source with a short coherence 
length is used, the resulting interferogram contains highly precise in
formation on the distance of the sample surface from the detector. This 
specialized approach, called low-coherence interferometry, is thus sit
uated to accurately measure the height of a liquid’s meniscus in a 
microplate, or other sample vessel. Meniscense (Meniscense, Hudson, 
MA, USA) has commercialized low-coherence interferometry into a de
vice known as VolumeSense for this purpose [80,81].

The low-coherence interferometry approach provided by the 
Meniscense device is well-suited for measuring sub-micron distance 
changes, and in theory should be able to resolve volume changes of tens 
of nanoliters, depending on the well shape. The reported performance 
capability of the VolumeSense in 96-well microplates is a resolution of 
0.7 µm in height, which corresponds to a volume resolution of 0.02 µL. 
By comparison to gravimetry, the reported inaccuracy of the system is 
<2 % for volumes between 50 and 350 µL [80]. The current system 
supports 96- and 384-well plates.

A similar optical approach has been recently developed and 

Fig. 4. Schematic illustration of the optical interferometric method for determining liquid volume in a microtiter plate. (a) Light from a coherent source is divided by 
a beam splitter into two optical paths: a sample beam directed toward the liquid surface and a reference beam directed toward a moving reference mirror. The back- 
reflected beams are recombined at the beam splitter, and the resulting interference pattern—arising from the phase difference between the optical paths—is imaged 
onto the detector. (b) The resulting interferogram provides a phase-derived measurement of the liquid height, which is subsequently used to calculate the 
liquid volume.
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commercialized by Liquimetrix (Liquimetrix, Esslingen, Germany), 
called the LUMINA. The exact working principles of this technology 
have not been disclosed, except that the instrument is based on a con
tactless optical probe which measures the liquid surface for solutions 
held in common ANSI/SLAS microplates [82]. The LUMINA system 
measures absolute liquid volumes with a reported measurement accu
racy down to ±100 nL in 384-well plates, and ±50 nL in 1536-well 
plates, depending on the type of microplate used. Reported measure
ment times are as fast as 40 s for 384-well plates, and 60 s for 1536-well 
plates [83].

The LUMINA is designed to work with real assay fluids and with any 
type of assay plate with a maximum height of 20 mm. A calibration is 
required for the plate type and liquid type used [84]. This technology 
has been reported for measuring various liquid types, including water, 
DMSO, PBS, and FBS [84–86]. Additionally, the LUMINA has been used 
to measure evaporation effects in 1536-well plates [86], and to provide 
necessary data to allow a liquid handler to compensate for evaporation 
losses within the plate [87]. Liquid handler calibration has also been 
reported using the Liquimetrix technology with reported accuracies 
within ±1 % across all target volumes (2–10 µL) and precision values ≤1 
% CV for 3–10 µL [88].

A significant advantage of both optical approaches is that the mea
surement is made by reflecting light from the top side of the meniscus, 
meaning that the light beam is not required to travel through the sample 
solution (as in the case for both absorbance and fluorescence ap
proaches). In principle, the composition of the sample solution has 
minimal impact on the measurement, allowing actual sample solutions 
(e.g., clear, colored, opaque, non-homogenous, complex, etc.) to be 
measured. For example, protein solutions, cell and bead suspensions, 
clinical samples, etc. should be addressable by these technologies.

For these approaches, the user can measure the actual volume of 
their samples at desired points during an assay. Measuring sample vol
umes at key points during an assay allows for more optimal control of 
the test conditions throughout the assay, and can identify ideal liquid 
class settings during critical liquid handling steps.

Both the Meniscense and Liquimetrix approaches measure the height 
of the solution meniscus in space. Converting that height measurement 
into a volume measurement requires a calibration curve for that liquid 
type in that specific plate type.

These two methods face similar challenges as those faced by other 
approaches. One specific challenge is accounting for non-flat menisci. 
The meniscus shape can be accounted for within the calibration curve, 
so long as the calibration curve is made with that specific solution type, 
and in that specific plate type. Differences in the sample solution from 
the calibration solution will introduce uncertainty into the measure
ment. Similarly, differences in the sample plate from the plate used for 
calibration will introduce uncertainty. In practice this also means that 
the quality of the measurement is directly dependent upon the intrinsic 
variability in the dimensions of the plate type used. Plates that are highly 
variable in well dimensions, in flatness, in rigidity, etc., will necessarily 
result in noisier measurements. Furthermore, well dimensions, micro
plate material, and surface treatment can all affect the meniscus shape, 
thereby contributing to measurement uncertainty [89]. Also, both of 
these optical approaches must measure at the center of the well. De
viations from the well center will increase uncertainty in the measure
ment, especially for solutions with curved menisci.

One important operational note about these approaches lies in their 
claimed ability to measure small volumes. Both the Liquimetrix and 
Meniscense approaches claim the ability to measure down to 50 nL and 
20 nL, respectively. However, neither device appears to be capable of 
measuring individual nanoliter-sized droplets. Instead, these approaches 
are capable of measuring sub-micron height changes that correspond to 
the reported nanoliter volumes. To achieve these measurements, a vol
ume of solution that uniformly spreads across the plate bottom must first 
be measured in the well, followed by a dispense of the nL droplet of 
solution onto the solution already in the well. The height change caused 

by the addition of the nL droplet is then measured and the volume of the 
added droplet is assessed. Because these technologies are so sensitive to 
height change, evaporation during this process must be accounted for 
[84–86].

1.2.2. Ultrasonic methods
The use of ultrasonic technology for measuring the level of liquid in a 

container has been used for over thirty years [90]. The basis of operation 
is the pulse-echo principle, wherein a pulse of ultrasonic energy is 
directed toward the surface of a liquid within a well or tube. A portion of 
this ultrasonic pulse is specularly reflected back toward the trans
ducer/sensor, and the time delay is measured (i.e., the time required for 
the sound wave to travel from the transducer/sensor to the liquid sur
face, reflect off that surface, and return back to the transducer/sensor). 
This time delay, t, is dependent on the distance, d, between the sensor 
and the fluid surface, as well as the speed of sound, c, in the medium 
through which it is traveling (e.g., air or water), as defined by Eq. (11): 

d =
c⋅t
2

(11) 

The time delay involves passing through the medium twice, as the 
sound wave travels toward the liquid surface, then back as the echoed 
pulse returns to the sensor; and thus must be divided in half. Using Eq. 
(11), ultrasonic technologies can determine the distance of a liquid 
surface from the sensor, and thus location, or height, of the liquid sur
face in space. The volume of liquid within the well or tube can then be 
calculated using the dimensions of the well or tube, or by using a cali
bration table of distance measurements vs. known volumes for that 
particular well or tube.

One implementation of this ultrasonic approach uses an acoustic 
wave propagating through air from a sensor located above the micro
plate well or racked tube. This approach was used to develop a specific 
technology, known as VolumeCheck, and was first introduced to the 
market in 2006 by BioMicroLab (later acquired by SPT Labtech, Mel
bourne, UK) [91], and is still available today [92–94]. The VolumeCheck 
measures the distance between the ultrasonic sensor and the liquid 
surface. The volume of liquid in the vessel is determined from a previ
ously established calibration curve of measured distance-to-known 
volumes within the specific labware. In other words, every type of 
microplate or tube must have its own calibration curve. The Vol
umeCheck claims to measure volume changes in the sub-10 µL range. 
Typical applications of the VolumeCheck include formulation develop
ment [95,96], compound or sample library inventory management, 
assay plate quality control, and liquid handling volume verifications 
[97].

A second implementation of the ultrasonic approach propagates an 
acoustic wave generated by a transducer/sensor mounted below the 
microplate upwards through a coupling fluid in contact with the plate 
bottom. This sound wave is transmitted through the plate bottom, into 
the sample solution, and continues upwards to the liquid-air interface. 
Experimental observations dating back to the 1920s showed that high 
intensity acoustic waves could be used to eject droplets from the liquid 
surface. This approach was used by two different companies, LabCyte 
and EDC Biosystems (both acquired by Beckman Coulter, Brea, CA, US), 
to develop and commercialize nanoliter droplet dispensing systems (e. 
g., LabCyte Echo 550, EDC Biosystems HTS-01) [98–100]. These systems 
have gained wide-spread implementation for dispensing small, highly 
reproducible sample volumes for use in high throughput screening, 
biopharmaceutical testing, mass spectrometry sample delivery, and 
other uses where sub-microliter volume assays are required [101,102]. 
The mode of operation for these technologies is to first survey every well 
in the source plate to determine the location of the meniscus and the 
fluidic properties of the sample solution. This is accomplished by 
sending an acoustic pulse to each well and measuring the resulting 
echoes from the bottom of the source plate, from the bottom of the well, 
and from the solution meniscus [103,104]. This information is then used 
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to calculate the energy required to eject a droplet of controlled size from 
the source plate into a destination plate. These technologies were orig
inally designed to be liquid handling instruments, but they inherently 
measure sample volumes in every well before dispensing and have been 
used to determine volumes in compound plates [105]. While this 
approach can measure sample volumes in multiwell plates, it is a 

secondary feature and not one that a user would purchase the instru
ment for. Also, because the focus of the instrumentation is on optimal 
liquid delivery, plate types are severely limited to only a few, as are 
sample matrices.

1.2.3. Pressure-based method
A novel approach to volume determination was developed by Cald

well et al. [106]. using air pressure as the measurement method. This 
approach was developed to help solve some of the challenges associated 
with compound management, specifically to confirm that compound 
library plates actually contained sample in each well. The technology 
uses measured air pressure to determine the volume of sample in the 
well, and is based on the ideal gas law: 

PV = nRT (12) 

where P is the pressure of gas held in a vessel of volume, V, n is the 
number of moles of gas held in the vessel, R is the ideal gas constant, and 
T is the temperature of the gas. For a confined system with a fixed 
number of moles of gas, held at constant temperature, Eq. (5) shows that 
the product of pressure and volume are constant and inversely propor
tional to each other. This relation is known as Boyle’s law: 

p∝
1
V

(13) 

For such a system (i.e., constant quantity of gas held at constant 
temperature), either Eq. (12) or Eq. (13) can be used to derive a new 
expression that describes what occurs if the volume of the system is 
changed [107]: 

P1V1 = P2V2 (14) 

The measurement method for this technology uses Eq. (14) to 
determine the sample volume by: sealing the sample-containing well, 
injecting a known volume of air into the headspace above the sample, as 
depicted in Fig. 5, measuring the resulting pressure which is directly 
proportional to volume of headspace above the sample, and determining 
the volume of sample in the well by comparing to a previously estab
lished calibration curve. The calibration curve consists of a simple two- 
point calibration for the specific multiwell plate type used and is 

Fig. 5. Pressure-based method for determining sample volume in microtiter 
wells. In this technique, the pressure head is compressed against the plate top to 
seal the well, and a known volume of air is injected into the headspace above 
the sample. The resulting pressure change is measured and correlated with 
headspace volume using a calibration curve specific to the microplate type, 
from which the liquid (or solid) sample volume is calculated.

Fig. 6. (a) a MEMS-based micro-flow sensor for real-time volume measurement and control in a pipetting system. The in-line silicon sensor, magnified in (b), 
measures pressure differentials across a micro-scale flow constriction, generating a signal proportional to volumetric flow rate. This enables real-time calculation of 
aspirated or dispensed volumes and detection of pipetting errors.
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established by measuring the pressure from empty wells, and the pres
sure from wells filled to a desired maximum volume using either cali
brated liquid volumes or high-precision metal cylinders [106,108,109].

Stratec Biomedical (Stratec SE, Birkenfeld, Germany) acquired this 
technology and further developed the concept into a commercial in
strument that was initially marketed as the Stratec VMI / Tholos [108,
109], and later through a distribution partnership as the Artel VMS 
[110]. The instrument was capable of measuring actual sample volumes 
in 96- and 384-well plates [110,111], and certain types of racked 
microtubes [108]. The device was used by Gigante et al. [112]. to 
monitor changing volume in screening plates left exposed for different 
lengths of time. Since this technology was based on measuring pressure 
it was capable of determining volume of both solids and liquids. This 
unique capability was demonstrated for measuring volumes occupied by 
different types of grain samples [113].

While this technology filled a somewhat unique measurement space, 
it was discontinued circa 2022 and is no longer commercially available. 
One challenge associated with the technology is that it required the 
pressure head to be pressed firmly against the top of the multiwell plate. 
Since the reusable device gasket contacted the rim of each well in a plate 
there was a potential for sample cross-contamination in subsequent 
wells or plates.

1.2.4. In-line flow sensor
Seyonic (Seyonic S.A., Neuchâtel, Switzerland) has taken a more 

direct approach to volume measurement by developing a pipetting 
system that incorporates real-time control over pipetted volumes. The 
heart of this approach is a silicon chip-based MEMS micro-flow sensor, 
developed by Boillat et al. [114], that measures the sample as it is 
actually being aspirated and dispensed from a pipetting channel. This 

sensor, depicted in Fig. 6, is incorporated directly in-line of a pipetting 
channel driven by a dual pressure/vacuum controller and a solenoid 
valve. When the solenoid valve is opened, the system fluid (or air) moves 
through the pipetting channel, and through the flow sensor. The mea
surement is based on a pressure differential across a flow constriction 
within the MEMS flow sensor during aspirate and dispense cycles. The 
pressure drop measured across the flow constriction is directly related to 
the volumetric flow rate of the fluid through the sensor as shown in Eq. 
(15) [115]: 

ΔP = Qv⋅
(

C⋅μ⋅L
2⋅A⋅D2

H

)

(15) 

where ΔP is the pressure drop, Qv is the volumetric flow rate, C is a 
dimensionless friction factor, µ is a temperature dependent fluid dy
namic viscosity, L is the channel length, A is the channel cross-section, 
and DH is the equivalent hydraulic diameter. Because the pressure dif
ferential is directly proportional to volumetric flow rate, real-time vol
ume calculation is achieved for the liquid entering the tip during the 
aspirate step or leaving the pipetting tip during the dispense step. By 
monitoring and adjusting the volumetric flow in real-time, all pipetting 
processes can be controlled and finely tuned for any liquid, automati
cally accommodating for temperature and viscosity differences. Not only 
can volume be determined in real-time, but errors can be detected as 
well, such as clogged, leaky, or damaged tips [115–117].

Seyonic has commercialized this sensor-controlled pipetting tech
nology into single-, 8-, and 24-channel pipettors, mostly on an OEM 
basis [118–120]. These pipetting systems can dispense from 0.5 µL up to 
10 mL, depending on the device configuration. The first incarnation of a 
96-channel dispenser with this technology occurred through a partner
ship with Caliper/Zymark. Today a 96-channel version is available 

Fig. 7. In-flight droplet detection techniques for measuring nanoliter and picoliter dispense volumes. (a) In this approach a stroboscopic light source coupled with a 
high-speed CCD camera captures images of droplets in-flight after ejection. (b) Image analysis software reconstructs the droplet profile by summing the volumes of 
individual pixel slices. Assuming rotational symmetry, the droplet’s total volume, Vdrop, is calculated from its two-dimensional contour using Eq. (16). (c) A related 
approach detects droplets in-flight as they pass through a light beam; a photodetector records changes in light intensity, providing real-time information on droplet 
presence and size. Although this approach does not measure droplet volume directly, it functions effectively as a droplet counter. (d) In a third approach, droplets in- 
flight passing between annular capacitor plates cause a capacitance change proportional to droplet size, enabling real-time, quantitative volume measurement.
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through a partnership with Dynamic Devices (Dynamic Devices, Wil
mington, DE, USA) and marketed as the Lynx Liquid Handling Platform 
[121–122]. This technology, which is referred to as Volume Verified 
Pipetting, is available in 4-, 8-, and 24-channel formats [122].

The in-line flow sensor technology offers a significant advantage in 
real-time monitoring and control of liquid delivery. The ability to con
trol multiple independent pipetting channels and to dial in each indi
vidually yields ultimate control over pipetting parameters. However, 
this technology must be either engineered or incorporated into a 
pipetting system. Further, it cannot be used to measure sample volumes 
that already exist in a multiwell plate.

1.2.5. Droplet image analysis
Liquid delivery in the nanoliter and picoliter volume range has 

grown in application and importance. Familiar technologies, like inkjet 
printing, have been developed and implemented in life science labora
tories, and with these new technologies so has the need to measure the 
increasingly smaller volumes delivered. Most of these types of systems 
dispense free flying droplets toward a target vessel or a target location, 
and many of the aforementioned volume measurement techniques do 
not address this small volume range very well, if at all. Specific largely to 
nanoliter and picoliter dispensing systems, stroboscopic cameras have 
been employed to measure the volume of droplets in-flight as they are 
ejected during the dispense cycle, shown in Figs. 7a-b. The basic idea is 
to capture an image of a droplet in-flight with a high-speed CCD camera, 
use software to resolve the edges of multiple slices of the image (i.e., 
from the multiple rows of pixels in the CCD camera), calculate the vol
ume of each slice and sum them up using the following equation: 

Vdrop =
∑L

n=1
πr2

nh (16) 

where the total volume, Vdrop, is the summation of all slices 1 to L, r is 
the radius of the slice, and h is the height of the slice (which is equivalent 
to the height of one camera pixel). This approach relies upon the 
assumption that the droplets are rotationally symmetric, which allows 
their two-dimensional contour to be used to calculate their three- 
dimensional volume. Measurement uncertainty in this approach is 
introduced by droplet overlap and by ill-defined or non-spherical 
droplet geometries, both of which are affected by system parameters 
such as LED stroboscope duration and frequency, droplet frequency, and 
the frame rate and resolution of the camera. In a report by Thurow et al. 
measurement uncertainty was estimated to be approximately 10 %–15 
% [123].

Boonsang et al. used the approach presented by Thurow to test a 
pressurized fluid dispensing system similar to those used to deliver 
viscous materials in the manufacture of semi-conductor components. To 
achieve an accurate dispense volume of industrial fluids (modeled using 
concentrated syrup), Boonsang developed a pressure-driven liquid 
dispensing system with automated feedback control by measuring the 
fluid dynamics in real-time. In one application, the volume of a pendant 
droplet’s growth was calculated by successive images over time as the 
fluid was being dispensed [124]. The contour of the pendant droplet and 
the tip were identified, and an image subtraction routine was used to 
isolate the contour of only the droplet, thereby allowing its volume to be 
calculated using Eq. (16). The flow rate of the test fluid was measured as 
a function of pressure and volume of fluid in the syringe, and used to 
model the optimum conditions for dispensing. Although the system was 
developed to deliver small volumes of industrial fluids with high pre
cision and accuracy, future life science applications by dispensing micro- 
and nanoliter volumes of biological fluids are possible.

Biofluidix (now part of Hamilton Freiburg GmbH, Freiburg, Ger
many) developed a commercially available droplet imaging technology. 
The SmartDrop performs droplet volume verification and automated 
nanoliter volume calibration, independent of liquid classes or environ
mental conditions. The system reportedly has dynamic auto-calibration 

that can be tailored to a range of sub-microliter volumes, depending on 
application. A variety of liquid types such as buffers, solvents, acids, 
detergents, beads, and cells can also be characterized [125]. The system 
has been implemented for various cell and bioprinting applications, 
specifically for tailoring dispense parameters to achieve optimal droplet 
volume control [126–128].

1.2.6. Non-imaging droplet detection
Other non-imaging approaches have been developed for detecting 

droplets in-flight as they are ejected from non-contact dispensing de
vices such as piezo-actuated dispensers. Trondle et al. at the University 
of Freiburg’s Department of Microsystems Engineering (IMTEK, Frei
burg, Germany) tested different ways that an infrared light beam could 
interact with a free droplet of liquid in air (i.e., transmittance, reflec
tance, internal reflectance) as it passes between a light source and a 
detector [129]. The transmittance approach, or direct light measure
ment of a beam passing through the droplet, was found to be the most 
responsive based on the electronic components available at the time. In 
this report the technology, similar to that depicted in Fig. 7c, was 
described as only qualitative for total droplet volume measurement but 
highly sensitive to changes as small as 2 nL in droplet size. Furthermore, 
the sensor described in this paper was able to deliver “fingerprint” sig
nals for droplets in the 3.8 - 47 nL volume range by providing infor
mation about droplet shape, volume, and velocity. Since the readout was 
instantaneous, it could be used for online quality control of non-contact 
dispensing systems. In other words, while not quantitative, this 
approach allows a user to detect the presence or absence of droplets and 
the size variability of successive droplets, thereby allowing for tuning of 
dispense parameters to achieve optimum reproducibility.

Using a similar approach, Dispendix (Dispendix GmbH, Stuttgart, 
Germany) commercialized a technology called DropDetection, which is 
mounted under the delivery source plate, where it counts every droplet 
that is dispensed from the I-DOT dispensing technology. DropDetection 
consists of 96 miniaturized light barriers, essentially a photodiode on 
one side and an LED light source on the other, depicted in Fig. 7c. The 
light intensity changes every time a droplet passes through the light 
barrier. This acts as an inline liquid handler verification tool for the I- 
DOT Non-contact Dispenser. It does not measure the actual volume but 
assumes that each drop has the same volume [130]. Total volume 
dispensed to one location must be measured separately or is calculated 
as a summation of the total number of drops delivered. This technology 
is not a standalone volume measurement device but operates only in 
conjunction with the I-DOT system.

Yet a different approach for measuring the volume of nanodrops in- 
flight was developed by the group at IMTEK. Ernst et al. designed a 
technology that uses capacitance to detect and measure volume of liquid 
droplets as they pass between the plates of an annulus-shaped capacitor, 
as shown in Fig. 7d[131] Briefly, as a dispensed droplet passes between 
two hemi-circular capacitor plates, the droplet causes a change in the 
dielectric constant of the air between the two plates resulting in a 
measurable change in the capacitance, ΔC, as defined by: 

ΔC = 4π⋅ε0

(
r3

S2

)

⋅
(

εr − 1
εr + 2

)

(17) 

where, ε0, is the electric permittivity of a vacuum, εr, is the dielectric 
constant of the medium between the capacitor plates, s is the distance 
between the capacitor plates, and r is the radius of the droplet. As shown 
by Eq. (17), the capacitance change is related to the size of the droplet, 
and thereby the volume of the droplet, passing between the two 
capacitor plates. Ernst demonstrated a linear relationship between the 
volume of the measured droplet and the magnitude of the capacitance 
change, and was able to calibrate a sensor circuit for quantitative vol
ume measurements. For the case of water, the demonstrated measure
ment range was from 20 to 65 nL with a resolution of less than 2 nL. 
Furthermore, the sensor signal is sensitive to the type of liquid and the 
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velocity of the free-flying droplet, which in practice means that sensor 
calibration needs to consider these parameters as well.

1.2.7. Visual, optical and thermal imaging
Two common approaches for assessing assay performance are visual 

inspection of samples in tips or wells to ensure consistency—for 
example, when using a multi-tip pipetting device, a quick observation 
can confirm whether all tips have successfully aspirated sample—and 
back-pipetting after one or more dispenses to verify that the total vol
ume aligns with expectations. While these methods provide valuable 
qualitative checkpoints for detecting gross pipetting errors, they are not 
quantitative and should not be used to estimate volumes.

RTS Life Sciences (acquired by Azenta Life Sciences, Burlington, MA, 
USA) developed a high-resolution vision system to audit sample tubes 
that fit within an ANSI/SLAS standard 96- or 48- format rack. The sys
tem, called the Tube Auditor, operates by imaging the tubes from the 
side, thereby allowing for locating the sample meniscus, detection of any 
precipitate, and identifying the presence/absence of a cap [132,133]. 
The Tube Auditor determines the height of the liquid meniscus with 
respect to the tube bottom, then uses a volume calibration curve for that 
tube type to calculate the volume of sample within the tube. A calibra
tion file is created for each type of tube by gravimetrically adding known 
amounts of liquid and measuring the meniscus height at various volumes 
[134]. The volume accuracy is reported to be better than ±10 µL, and 
the minimum measurable volume is 35 µL.

Lock-in thermography, which uses a type of infrared thermal imag
ing, has been described by NanoLockin (NanoLockin, Fribourg, 
Switzerland) to measure small volumes of liquid within a pipette tip 
[135]. This approach uses infrared (thermal) imaging after an LED or 
laser light source has been used to heat the observed system. The specific 
heat capacity of the different materials within the observed system can 
be used to obtain both qualitative and quantitative information. For the 
case of a pipette tip containing liquid, lock-in thermography can be used 
to image the volume of liquid within the tip. NanoLockin has demon
strated the capability of measuring liquid volume in pipette tips used for 
handheld pipettes, as well as automated liquid handling devices. Ac
cording to NanoLockin, this technique could be useful for calibration 
and verification of liquid handlers, although such applications have not 
yet been demonstrated.

Bionex (Bionex Solutions, Inc., San Jose, CA, US) also uses a vision 
QC system to monitor height changes in a sample vessel. However, as 
opposed to the previously described vision-based systems, the Bionex 
technology images sample containers from above. This technology, 
marketed as the BeeSure Level Sensing System, can be used to monitor 
addition or subtraction of liquid and solid samples, detect missing vials, 
identify de-lidding errors, etc. [136]. The system can be used on a 
wide-array of labware including 96- and 384-well plates, microtubes, 
vials, reagent containers and test tubes. The measurement precision 
reported for the system is ±0.1 mm height change, which translates to 
approximately 3.5 µL for a typical round well 96-well plate and 
approximately 1.3 µL for a typical square well 384-well plate. The actual 
volume precision is dependent on well geometry of the microplate well 
or microtube used [137].

Baillargeon et al. described a machine-vision-based technology that 
combines infrared (IR) imaging spectroscopy and machine vision anal
ysis to rapidly assess HTS compound library plates [138]. This tech
nology, named the High-resolution Image Acquisition and Processing 
Instrument for Compound Management (HIAPI-CM), images compound 
plates with both visible and IR light, and analyzes the images for three 
quality attributes: i) compound precipitation, ii) potential for colored 
compound to interfere with an assay, and iii) adequate fill volume of 
liquid. This technique does not provide a quantitative measurement of 
the volume of compound in microwells, but instead provides a crude 
determination of whether a microwell is “filled”, “partially filled” or 
“empty” based on assigned threshold values programmed for a specific 
plate-type and solvent-type.

Thurow et al. demonstrated a proof-of-concept for a fast optical 
method to determine a limited range of liquid levels in microplates 
[139]. This report studied two types of flatbed scanning technologies: i) 
contact image sensors with a shallow depth of field, and ii) charge 
coupled devices with a greater depth of field. The approach involved 
building a calibration data set using v-bottom and flat-bottom plates 
containing small aliquots of liquid dispensed directly in the center of the 
well. The flatbed scanners collected images of the droplets and corre
lated their size to their volume. The volume limits were determined to be 
1 to 24 µL for 96-well plates and up to 10 µL for 384-well plates. Droplets 
larger than these limits coalesced with the sidewall and were no longer 
quantifiable. This approach is useful for small volumes dispensed 
directly in the center and onto the bottom of a microwell. Factors 
influencing measurement include quality of light, location of droplet, 
size of droplet relative to the well bottom, and liquid properties such as 
surface tension and viscosity.

1.2.8. Pipette tip-based liquid level detection
The ability to sense the liquid level within a microtiter plate has been 

built into automated liquid handling systems and used for many years 
now. Several liquid handling companies provide technologies that allow 
the pipetting head to locate the surface of a liquid within a microwell 
using one of two approaches. The first uses carbon-impregnated tips that 
allow the system to measure a change in electrical conductance when 
the tip contacts the liquid resulting in a spike in conductance (often 
called conductive liquid level detection, or cLLD). It should be noted that 
static charge can interfere with detection of the liquid surface, leading to 
unintended aspiration or dispense at an incorrect height and, conse
quently, to pipetting error. The second monitors pressure fluctuations 
inside the tip as the open end descends into the liquid resulting in a spike 
in pressure (often called pressure liquid level detection, or pLLD). The 
basic concept is that an automated liquid handler will lower a pipetting 
tip into a microwell until the tip detects the presence of liquid. From the 
z-height of the tip, the height of the liquid meniscus within the micro
well can be calculated with respect to the well bottom. The well di
mensions can then be used to calculate the volume of liquid within the 
well.

While neither of these approaches are aimed at a rigorous, accurate 
measurement of the volume within a microwell, they are useful to 
determine the presence or absence of liquid, and if the amount of liquid 
present is sufficient for pipetting purposes. Another key use of this 
feature is to ensure proper pipette tip depth during aspiration of sample 
[140–143].

1.3. Understanding measurement uncertainty, traceability and standard 
methods

A fundamental challenge in making volume measurements is ac
counting for the uncertainty inherent in any measurement. Every mea
surement, regardless of how carefully performed, has some degree of 
inaccuracy associated with it. This inaccuracy introduces measurement 
uncertainty, such that the reported value represents a range rather than 
a discrete number. The true value is assumed to fall within a range 
centered on the mean, typically expressed as the average plus or minus a 
standard deviation. Measurement uncertainty arises from various sour
ces including instrumental or technological limitations, environmental 
factors, operator technique, inherent variability in the measurement 
process, and other unquantifiable factors. Each volume measurement 
method or technology discussed in this review has inherent variability 
that contributes some degree of uncertainty to the final reported results. 
Therefore, one should consider what degree of measurement uncertainty 
a process requires or can tolerate when choosing a method. Unfortu
nately, the tolerable amount of uncertainty is often unknown or over
looked and can seem overly complex to determine. Nevertheless, 
incorporating fundamental principles such as measurement uncertainty, 
error propagation, and error limits into evaluating the impact of liquid 
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Table 1 
Comparison of liquid volume measurement methods.

Methodology / 
Technology

Measurement 
type

Sample 
type

Commercial 
option

Common 
applications

Volume range Pros Cons

Gravimetry Indirect and 
direct

Surrogate 
or real 
sample

Yes aCalibration, 
bVerification, cLCO, 
dTraining

Typical: > 0.5 
µL 
Specialized: 
down to 1 nL

Specified in ISO standard, 
widely adopted method, 
common equipment, easy to 
implement, automation 
friendly, turn-key

Sensitive to environmental 
conditions, specialized 
equipment needed for low 
volumes, not optimal for 
multi-channel measurements

Single-dye 
Photometry

Indirect Surrogate 
dye 
solution

Yes Calibration, 
Verification, LCO, 
Training

Typical: µL 
Specialized: 
>0.25 µL

Specified in ISO standard, Easy 
in-house implementation, uses 
common equipment, turn-key

Requires a surrogate dye 
solution and limited to 
optical plate, not applicable 
to real samples

Dual-wavelength 
Photometry

Indirect Surrogate 
dye 
solution

Yes Calibration, 
Verification, LCO, 
eAssay optimization, 
Training

Typical: µL 
Specialized: 
>10 nL

Specified in ISO standard, Easy 
in-house implementation, uses 
common equipment, turn-key

Requires a surrogate dye 
solution and specific 
microwell plate, not 
applicable to real samples

Fluorescence Indirect Surrogate 
dye 
solution

No Calibration, 
Verification, LCO, 
Assay optimization, 
Training

Typical: nL 
Specialized: 
pL

Specified in ISO standard, Easy 
in-house implementation, uses 
common equipment, allows 
extended dynamic 
measurement range

Requires a surrogate dye 
solution, not applicable to 
real samples, requires 
frequent solution prep

Combination 
Photometry 
and 
Gravimetry

Indirect Surrogate 
dye 
solution

Yes Calibration, 
Verification, LCO

Typical: µL 
Specialized: 
>15 nL

Specified in ISO standard, Easy 
in-house implementation, uses 
common equipment

Requires 2 separate tests, not 
applicable to real samples, 
sensitive to environmental 
conditions

Capillary Fill 
Length

Indirect Surrogate 
dye 
solution

Yes Verification Typical: > 5 
µL 
Specialized: 
>0.1 µL

Specified in ISO document, 
easy to use, rapid 
measurement

Requires specialized 
equipment, limited volume 
options

Differential 
Pressure

Indirect Surrogate 
air

Yes Verification Typical: >2 
µL

Tests for pipette functionality, 
rapid measurement

Only manual and single 
channel devices, air- 
dispensed measurements 
only, requires specialized 
equipment

Optical Methods Direct Real sample Yes Calibration, 
Verification, LCO, 
fIn-line 
measurement, gPlate 
auditing

Typical: >2 
µL 
Specialized: 
>50 nL

Accurate height resolution, 
measures every sample, 
sample agnostic

Requires specialized 
equipment, new technology/ 
not widely known

Ultrasonic 
Methods

Direct Real sample Yes Verification, Plate 
auditing, In-line 
measurement

Typical: >10 
µL

Any liquid sample can be 
surveyed

Requires specialized 
equipment

Pressure-Based 
Method

Direct Real sample No Verification, In-line 
measurement

Typical: >5 
µL

Any liquid or solid sample can 
be surveyed

Requires specialized 
equipment, no longer 
available

In-Line Flow 
Sensor

Direct Real sample Yes Calibration, 
Verification, In-line 
and hReal-time 
measurements

Typical: >0.5 
µL

Real-time dynamic control Needs to be engineered into 
the pipetting device

Droplet Image 
Analysis

Direct Real sample Yes Verification, Real- 
time measurements

Typical: pL to 
nL

Real-time dispense 
measurements, real-time 
dynamic control

Limited to droplet dispensers

Non-imaging 
Droplet 
Detection

Direct Real sample Yes Verification, Real- 
time measurements

Typical: >20 
nL 
Specialized: 
Δ2 nL

Real-time dispense 
confirmation

Limited to droplet 
dispensers, engineered into 
the pipetting device

Optical and 
Thermal 
Imaging

Direct Real sample Yes Verification, Tube 
/plate auditing

Typical: µL Measures more than volumes – 
precipitate, adequate fill 
volume

Requires specialized 
equipment, primarily used 
for compound management, 
mostly qualitative 
measurements

Pipette Tip- 
based Liquid 
Level 
Detection

Direct Real sample Yes In-line auditing Typical: high 
µL

Optimizes tip insertion depth 
for best pipetting, dynamic 
feedback control

Cannot be used for dispensed 
volume measurement

aCalibration – Comparing the readings of an instrument to a reference standard of known accuracy.
bVerification – The process of checking whether a measuring instrument or method meets defined requirements, often pass/fail.
cLCO – Liquid class optimization is the process of optimizing various liquid handler parameters (e.g., aspirate speed, air gap, etc.) based on the fluidic properties of a 
liquid (e.g.; viscosity, surface tension, etc.) to ensure volume accuracy.
dTraining – Manual pipette operator training and periodic operator proficiency checks. eAssay optimization – Measurement of various assay processes beyond 
volume (e.g., mixing, plate washing, dilution series efficiency, etc.).
fIn-line measurement – Measurement of real sample volume as one step within a multistep assay process.
gPlate auditing – A qualitative survey of a plate or tube to ensure minimum requirements are met (e.g., current volume matches expected volume, plate is properly 
lidded or sealed, there are no empty wells, etc.).
hReal-time measurement – Measurement of sample volume as part of the dispense process. Note: these definitions are from the authors to provide clarity of certain 
terminology used in this table. Other definitions for these same terms may exist within related industries.
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volumes on laboratory assays is essential. Practical approaches for 
applying these analytical concepts, long established and widely used in 
engineering disciplines, are available in the literature [144–146]. 
Applying these concepts enables researchers to select the most suitable 
volume measurement method for their specific application needs.

Traceability is also a critical requirement for achieving reliable 
measurements. Measurement traceability defines a documented path 
linking a measurement to a recognized national or international refer
ence standard through an unbroken series of comparisons. This ensures 
reliability by tying measurement results to calibration processes using 
certified reference materials, ultimately traceable to a recognized au
thority, such as various National Metrology Institutes around the world 
(e.g., NIST – United States, NPL – United Kingdom, PTB – Germany, LNE 
– France, NMIJ – Japan, NIM – China, etc.). The primary benefit of 
establishing measurement traceability is the confidence it provides that 
results are reliable and defensible. This assurance is only valid when the 
traceability chain remains complete and unbroken, with documented 
measurement uncertainty values at each calibration level.

A key factor when comparing volume measurement methods is 
whether they can deliver traceable results. Certain techniques, such as 
gravimetry, have well-established and widely recognized traceability 
chains. For instance, standard operating procedures for balances typi
cally require daily verification using calibration weights with certified 
values that are traceable to national or international standards. When 
these calibrated weights yield results within the expected range, the 
balance can be relied upon to produce measurements within acceptable 
uncertainty limits. In contrast, some of the aforementioned volume 
measurement approaches do not possess such clearly defined trace
ability paths. This does not preclude the methods from being traceable; 
it simply places the responsibility on the user to define and implement 
an appropriate traceability path [147].

Traceability without stated measurement uncertainties at each cali
bration step is incomplete. While traceability defines the origin and 
lineage of a measurement, uncertainty expresses the quality of the 
measurement. Together, they provide the foundation for comparing 
results between different laboratories, using different instruments, ob
tained at different times. Guidelines for estimation and use of mea
surement uncertainty can be found in references such as The ASQ 
Metrology Handbook, et al. [147,148].

Finally, it is important to recognize the value of standard methods 
when selecting a volume measurement technique. A standard method is 
a documented, consensus-based procedure that provides step-by-step 
instructions for performing a specific laboratory measurement. These 
methods often include guidance on evaluating measurement uncertainty 
and specify the use of reference materials to ensure traceability. They 
are developed and maintained by recognized standards organizations 
such as NIST, ISO, ASTM, CLSI, and ANSI. Several of the techniques 
discussed in this review are detailed in ISO 8655, ISO 23783, and ASTM 
E1154, and can serve as recognized standard methods [31–33].

While several techniques discussed in this review are recognized as 
standard methods, others have not yet achieved this status. A method 
may not be recognized as a standard method for various reasons: i) it has 
not yet undergone formal validation or broad peer review, ii) it may lack 
established traceability, defined measurement uncertainty, or agreed- 
upon procedures, iii) it could be a novel approach that has not yet 
been considered for standardization, iv) it may be proprietary, or v) it 
may pertain to specialized research areas still being developed. The 
standardization process itself presents inherent challenges. Standard 
methods emerge through a lengthy consensus-building process among 
national and international organizations—a period spanning years and 
potentially influenced by the political and economic interests of 
participating bodies. This lengthy process can delay the recognition of 
otherwise sound methodologies. Methods that are not recognized as 
standard methods can still be used in the laboratory. It is important to 
understand that not all standardization bodies require a validation 
process when creating standard methods. Establishing traceability, 

quantifying measurement uncertainty, and documenting the procedure 
help maintain confidence in the results for any method, whether 
recognized as a standard method or not. All methods, whether standard 
or non-standard, can deliver equally reliable data when properly vali
dated and implemented with appropriate scientific rigor.

2. Summary

This report presents a comprehensive review of a range of methods 
and technologies for measuring liquid volume, each characterized by 
unique attributes. The landscape of available techniques is diverse, 
encompassing both established and emerging approaches, but no single 
method is universally suitable for all applications. While the ideal 
scenario—a method or technology capable of measuring any volume of 
any sample at any point in time, in any vessel and from any type of 
dispensing technology —remains elusive, users can select from an 
assortment of tools to address their specific requirements.

A critical aspect underscored in the report is the necessity of aligning 
measurement strategies with the context and goals of the user. For those 
seeking to determine the volume of real samples or capture actual vol
umes at various stages throughout an assay, the selection of a direct 
measurement method is essential. Direct methods, by their nature, 
provide immediate and accurate quantification of the sample in ques
tion, enabling reliable tracking and trend analysis. They also allow for 
identifying fluid handling properties specific to the sample (e.g., liquid 
class optimization parameters), something indirect methods using sur
rogate liquids are not ideally positioned to achieve.

Conversely, when the objective is to calibrate or verify the me
chanical operation of an automated liquid handler or a pipetting device, 
or train operators and improve handheld pipetting [149], indirect 
methods may offer distinct advantages. Indirect approaches typically 
assess performance through secondary indicators—such as weight 
change, dye absorbance, or other proxies—providing insight into system 
functionality without the requirement for direct sample analysis. This 
offers a practical checkpoint of mechanical operation under controlled 

Table 2 
Commercially available liquid volume measurement technologies.

Product Name Manufacturer Technology Dispenser 
specific?

LVK Hamilton Company Gravimetry Yes
GLH QC Kit Automation 

Trainer
Single dye No

PathCheck Sensor Molecular Devices Dual 
wavelength

Yes

PCS / MVS Nova Biomedical Dual 
wavelength

No

QC Kit Tecan Dual 
Wavelength

Yes

FVK2 Hamilton Company Combination Yes
VeriPlate Hamilton Company Capillary fill 

length
Yes

Checkit Go NextAdvance Capillary fill 
length

No

Atmos UniPix Differential 
pressure

No

VolumeSense Meniscence Optical No
LUMINA Liquimetrix Optical No
VolumeCheck SPT Labtech Ultrasonic No
Echo Labcyte Ultrasonic Yes
Volume Verified 

Pipetting
Seyonic/Dynamic 
Devices

In-line flow 
sensor

Yes

SmartDrop Biofluidix/ 
Hamilton

Droplet Image Yes

DropDetection Dispendix Droplet 
detection

Yes

Tub Auditor RTP/Azenta Life 
Science

Optical Image No

BeeSure Level Sensing 
System

Bionex Solutions Vision No
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conditions.
Because no single method is universally applicable, selection of a 

volume measurement approach should be guided by the specific appli
cation. Users should carefully evaluate the nature of their samples, the 
demands of their workflows, and the degree of accuracy and precision 
required. Direct methods are generally suited for real-time, sample- 
based measurements, whereas indirect methods are typically better 
suited for instrument verification and calibration. Table 1 outlines key 
factors to guide the selection of the most appropriate approach, whereas 
Table 2 lists commercially available options.
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