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1.  Introduction

Small mass and force metrology and the instrumentation nec-
essary for its execution has emerged as a multifaceted research 
area. Within the last century, widely used ultramicrobalances 
based on quartz fibers have demonstrated mass resolution as 
low as nanograms [1]. More recently, redefinition of the kilo-
gram within the International System of Units and increased 
research interest in nanotechnology has led to improved meth-
ods for measurement of mass 1 mg and less (the gravitational 
equivalent to a force of 10 micronewtons and less). In addition 
to applications in fundamental science such as gravitational 
wave detection [2] and quantum optomechanics [3], increas-
ingly advanced industrial production and testing processes 

require new measurement instrumentation for quality assur-
ance. As a result, several industrial standards have appeared 
detailing requirements for small mass and force metrology 
instrumentation [4, 5]. New regulations require submicrogram 
repeatability in testing for engine emission particulate mass 
[6] and the advancement of laser manufacturing technology 
has led to the development of a portable laser power standard 
based on the measurement of small radiation pressure forces 
calibrated via the use of small mass standards [7].

In the most general sense, the International System of 
Units (SI) defines the basis for the measurement system used 
internationally in science and commerce. The kilogram is a 
base unit in the SI, and force is a derived unit, expressed as a 
combination of other base units (i.e. kg m s−2, or Newtons.) 
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Abstract
This review article summarizes new scientific trends in research for metrology of small mass 
(1 mg and lower) and small force (10 micronewtons and lower). After a brief introduction 
to the field, this paper provides an overview of recent developments in methods that 
demonstrate traceability to the International System of Units (SI) with emphasis on the 
implications of redefining the kilogram in terms of Planck’s constant. Specific research 
applications include new metrology facilities, calibration of small mass and force references 
such as milligram to submilligram masses or atomic force microscope (AFM) cantilevers, 
and laser power measurement using radiation pressure forces. Also discussed are recent 
scientific developments that may impact the field moving forward in the study of ultrasmall 
forces present in trapped and cooled quantum mechanical systems, resonant micro- and 
nanomechanical mass sensors, and other areas that are potentially well suited for SI metrology. 
The work reviewed is not intended as a comprehensive review of all research in which small 
forces are measured, but rather as an overview of a field in which the accurate measurement of 
small mass and force with quantified uncertainty is the primary goal.
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Measurement standards provide a physical basis for the SI 
units, and are of two types. Primary measurements standards 
are references for a given quantity that are not based on a 
measurement of the same quantity [8]. In the case of mass, 
the primary reference standard is the international prototype 
kilogram (IPK), although its replacement is imminent as dis-
cussed below. Other reference standards for mass (or force 
in conjunction with gravitational acceleration) are based on 
measurements of the primary standard, and these are known 
as secondary standards. If one or more of these intermediate 
references are used to calibrate an unknown mass, the value 
of the unknown is considered traceable to the primary stand-
ard, i.e. SI-traceable. Inherent in these definitions is the notion 
that every measurement performed has an associated uncer-
tainty, and each time the reference standard is used to calibrate 
another, measurement uncertainty increases.

The central difficulties in providing adequate force stand-
ards for instrumentation below 10 micronewtons (and the 
commensurate mass standards) are twofold. The first problem 
stems from current methods for generating mass and force 
references. To obtain measurement calibrations at smaller 
mass, the kilogram must be subdivided [9]. As the kilogram 
is subdivided, uncertainty accrues at each step as shown in 
figure 1. Eventually, the uncertainty level becomes significant. 
Extrapolating the trend from larger mass calibrations, near 1 
nanogram the uncertainty becomes as large as the mass itself. 
The second concern now arises: handling standards for mass 
less than 1 mg can be extremely difficult. The handling of such 
objects requires highly specialized techniques, and they are 
very easy to lose due to the effects of capillary, Van der Waals 
or electrostatic forces (which begin to dominate over gravity 
at the micrometer scale), rendering them impractical below a 
certain size.

In anticipation of these needs, a project at the U.S. National 
Institute of Standards and Technology (NIST) began in the 
late 1990s to provide metrology and standards necessary to 
facilitate measurement of small mass and force. Previous 
review articles documented the initial progress in this area 
[10, 11]. Since that time, the field of small mass and force 
metrology has progressed rapidly. Multiple facilities are now 
operating to provide accurate small mass and force measure-
ments. This review will highlight recent work focused on the 
accurate measurement of small mass and force within the SI, 
summarizing the instrumentation and methods of recently 
developed metrological facilities, describing their application 
to provide measurements for dissemination of small mass and 
force references, and finally providing an overview of recent 
scientific results that have the potential to influence the field 
in the near future.

2.  Small mass and force metrology facilities

2.1.  Primary small mass and force facilities

One of the approaches used to solve the mass and force 
scaling problem demonstrated by figure 1 involves develop-
ing an alternative primary standard to the kilogram. The SI 
redefinition planned for 2018 inverts the previous relationship 

between the fundamental physical constants and the base units. 
Whereas previously a system of fixed base units was used in 
performing measurements of the fundamental constants, mov-
ing forward the fundamental constants will be fixed and used 
in measurements performed to define the base units [12]. In 
the case of the kilogram, this means replacing the IPK. Instead 
of the Pt–Ir alloy cylinder that has been the primary standard 
since 1889, the kilogram can instead be defined in relation to 
Planck’s constant based on mass energy equivalence [13, 14]

mc2 = h∆(
133Cs)hfskm� (1)

where m is mass, c is velocity of light in vacuum, h is Planck’s 
constant, (133Cs)hfs is the hyperfine splitting frequency of 133Cs, 
and km is a set of unitless scaling constants that are specific to 
the particular experiment used to perform the realization of 
the unit of mass. In the case of the Kibble (Watt) balance that 
will be used as one of the new primary standards, this scaling 
constant comes from the electrical and optical measurement 
traceability path used for the voltage, current and velocity 
metrology performed while the balance is weighing an object. 
The x-ray crystal density (XRCD) method will operate in 
parallel to define the kilogram using a silicon sphere [15], 
providing an independent cross-check of the Kibble balance 
method. One of the implications of equation (1) is that a pri-
mary standard can now be realized by any system that derives 
mass or force from the fundamental constants in equation (1); 
the standard will be based on Planck’s constant rather than 
the kilogram artifact. This has some interesting repercussions 
for the mass scaling problem discussed above. Now, rather 
than needing to subdivide from a kilogram standard, mass can 
be realized directly at any scale using electrical metrology. In 
addition to improving the scaling of the unit, the new system 
also provides the opportunity to bypass the subdivision pro-
cess entirely, delivering the primary realization directly at the 
end application, and thereby streamlining the process of SI 

Figure 1.  Progressive accrual of uncertainty from kilogram 
subdivision. The projected trend indicates a linear extrapolation of 
the measured uncertainties to smaller mass [14].
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traceable measurement relative to conventional mass metrol-
ogy practices, as illustrated in figure 2.

In order to establish the feasibility of this approach to 
small mass and force metrology, the U.S. National Institute of 
Standards and Technology (NIST) small mass and force meas-
urement facility includes an electrostatic force balance (EFB). 
The EFB is an electromechanical balance that combines a 
concentric cylinder capacitor with a compliant 4-bar linkage 
and interferometric dimensional metrology, as is shown in 
figure 3. It is designed to operate in the force range from 10 
pN to 0.3 mN. The EFB does not rely on a mass standard for 
its calibration. It is designed as a primary standard such that 
the concentric cylinder capacitor actuator produces an electro-
static reference force determined from calibrations of capaci-
tance, length and voltage. These measurements are traceable 
to fundamental quantum standards based on the quantum Hall 

effect, the velocity of light in vacuum, and the Josephson 
effect, respectively, in accordance with equation (1). The ref-
erence force, Fe, is determined from

Fe =
dC�dz (V + Vs)

2

2
� (2)

where C is capacitance, z is the displacement of the free end of 
the balance, V is the voltage applied to the capacitor, and Vs is 
a surface (or contact) potential from the electrode surface crys-
tallographic orientation or adsorbed contaminants. The capac-
itance gradient, dC/dz, is measured at discrete points using a 
digital signal processor (DSP) servo to control the position 
of the free end of the balance while measuring displacement 
with the interferometer and capacitance with a commercial 
capacitance bridge. Subsequently, a null position is held while 
differential weighings are performed. The balance operates in 

Figure 2.  Diagram illustrating the calibration process from primary reference to end use for both the current SI mass metrology, and after 
the redefinition. Significant gains in efficiency are possible since the direct realization of mass at any scale eliminates the requirement for 
several calibration steps. End uses are representative examples.
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vacuum to reduce noise due to air convection and to eliminate 
variations in refractive index and dielectric constant due to 
environmental changes. In conjunction with an absolute gra-
vimeter measurement of local gravitational acceleration, the 
unknown mass is directly realized in a primary fashion.

Since the publication of the previous review [10], sev-
eral modifications have been added to the EFB. In addition 
to constrained layer dampers to damp structural resonances, 
and a new control system, a new vacuum mass exchange sys-
tem eliminates small errors documented in preliminary small 
mass comparison studies [16]. The resulting improvement 
recently allowed the determination of milligram-scale masses 
with combined relative standard uncertainties in the range of 
10−6 [14]. Improved modeling of the effects arcuate motion 
of the inner cylinder of the electrostatic reference capacitor 
on the capacitance gradient, dC/dz, was a precondition for this 
level of uncertainty as well [17]. The EFB mass measurement 
was shown to be directly traceable to Planck’s constant and 
equivalent to mass derived from subdivision of the kilogram. 
As a result, the instrument will be the U.S. primary realization 
of mass at the milligram level and below, and a special test is 
available for customer calibrations.

The National Physical Laboratory (NPL) contains the UK’s 
primary reference for small mass and force, the low force 

balance (LFB), illustrated in figure 3. The LFB realizes mass 
and force using a capacitor as well. In this case, the capaci-
tance gradient in equation (2) is created by a moving dielectric, 
as shown in figure 3. The 4-electrode configuration allows a 
bidirectional force, and the 4-bar flexure balance mechanism 
is fabricated as a monolithic structure [18, 19]. Measurements 
are performed in air using an alternating voltage to avoid sur-
face charging effects from the dielectric. Along with a custom 
interferometer system for position measurement, SI traceable 
measurement of capacitance and voltage allow realization of 
force without a mass standard, making this a primary refer-
ence for small mass and force.

Another facility, illustrated in figure  3, uses electrostatic 
forces to generate a primary reference at the Industrial 
Technology Research Institute (ITRI) in Taiwan, ROC. The 
facility uses a monolithic metal flexure balance mechanism 
connected to a 3-electrode parallel plate capacitor system 
operating in air [20]. The electrode geometry incorporates a 
center plate attached to the balance mechanism and two outer 
plates. The capacitors function as a differential capacitive 
displacement sensor as well as an electrostatic force actua-
tor. The capacitance gradient of equation (2) is measured by 
moving the inner electrode around the null position of the 
capacitance bridge displacement system while measuring 

Figure 3.  Schematic diagrams of primary force facilities. The NIST EFB (A) [14], the NPL LFB (B) [18] figure courtesy of NPL, the ITRI 
electrostatic force measurement system (C) [20], and the NIM differential electrostatic balance (D) [24].
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position with a laser interferometer. During force measure-
ment, the center electrode is held at the null position and a 
bias voltage applied to it. Control voltage of opposite polarity 
are applied to the outer electrodes. In this scheme, the electro-
static force becomes a linear function of the control voltage, 
and the resulting electrostatic force required to maintain the 
null position can be used to calibrate an unknown external 
force. Recent results comparing the electrostatic forces to 
gravitational forces from 1 mg and 10 mg masses indicate the 
relative standard accuracy of the facility is 10−4 [21].

The small mass and force measurement facility at the 
National Institute of Metrology (NIM) in the PRC is based on 
the use of an electrostatic force balance, as shown in figure 3. 
This balance includes a monolithic metal flexure and a con-
centric cylinder capacitor. The operational principle is similar 
to the EFB, however the use of an air damping system reduces 
seismic noise [22]. In addition, the mass range is increased 
by the use of a lever system, and an inverted pendulum added 
to improve the force resolution [23]. The use of a differential 
measurement system also reduced uncertainty due to low fre-
quency drift, and comparisons to milligram weights calibrated 
using kilogram subdivision show agreement within a 2 per-
cent combined relative standard uncertainty [24].

2.2.  Small mass and force facilities based on calibrated 
standards

The other possibility for creating an accurate SI small mass 
and force facility is to use the existing primary standards 
to calibrate a measurement system using a transfer artifact. 
In this case, an unbroken chain of measurement exists to 
the primary reference, and the measurement is considered 
to be SI-traceable. Facilities of this type typically use cali-
brated weights as their reference, as these are traceable to the 
kilogram.

Recently, there has been increased interest in traceable 
small weights as transfer artifacts for calibration. Several 

existing mass metrology facilities have adapted their kilogram 
subdivision methods to accommodate a submilligram mass 
range. Facilities in Laboratoire National d’Essais (LNE) [25] 
and the National Measurement Organization (NMO) [26] both 
calibrate submilligram masses from kilogram subdivision. 
The NPL also recently completed a supplement to a key com-
parison first with LNE and PTB [27] and later with Spain’s 
Centro España de Metrología (CEM), the Czech Republic’s 
Czech Metrology Institute (CMI), the Romanian National 
Institute of Mettology (INM), Ukraine’s National Scientific 
Center Institute of Metrology (NSC IM), and the Slovak 
Institute of Metrology (SMU) [28]. The supplement included 
calibration results for a set of submilligram masses and their 
associated uncertainties provided by each participant. These 
facilities will be discussed in more detail in the dissemination 
section below.

The Korean Research Institute of Standards and Science 
(KRISS) has developed a nanoforce calibrator (NFC) based 
on a commercial ultramicrobalance [29, 30], as illustrated in 
figure 4. These balances have a mass readability of 0.1 micro-
gram (about 1 nanonewton) and are calibrated with traceable 
weights. They are therefore capable of calibrating small mass 
and force sensors in a fashion traceable to the SI. The NFC 
has an integrated nanopositioning stage used to press sen-
sors against the balance pan, as is illustrated in figure 4. The 
use of a calibrated stage facilitates calibration of sensors that 
measure displacement as well as force, such as those used for 
atomic force microscopy or instrumented indentation. Another 
facility of this type is located in Physikalisch Technische 
Bundesanstalt (PTB) [31], and provides a calibration service 
for measurement of bending stiffness. The bending stiffness, 
or spring constant, of microfabricated mechanical structures is 
often used as a small force reference in small force measure-
ment instrumentation, as described further below. A similar 
instrument in Tianjin University uses the same approach, but 
incorporates an optical lever detector for testing atomic force 
microscope cantilevers [32]. The Center for Metrology and 

Figure 4.  Schematics diagrams of SI-traceable small force facilities. The KRISS NFC (A) [29] and the PTB nanonewton force facility (B) 
[37].
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Accreditation (MIKES) in Finland has a facility used to cali-
brate larger cantilever spring force sensors using an integrated 
optical flag [33].

A different facility in PTB uses the mass of a hanging 
pendulum to provide traceability for small force metrology 
[34–37], as illustrated in figure 4. The pendulum bob of the 
instrument is microfabricated from single crystal silicon and 
weighed before use. In the small angle approximation, the 
lateral force required to displace a pendulum by a distance 
x is FL  =  Fgx/(l2  −  x2)1/2, where Fg is the gravitational force 
acting on the pendulum bob, and l is the length of its suspen-
sion system. In this instrument, a laser interferometer is used 
to measure x while electrodes on either side of the pendulum 
maintain a null displacement. In addition to providing an 
actuation force, these electrodes are configured to reduce the 
effective stiffness of the pendulum mechanism [37]. An iden-
tical pendulum placed nearby serves a dual purpose. During 
calibration, it measures the tilt of the load frame when a large 
attached mass is moved. This allows calibration of the electro-
static force required to maintain the null position of the other 
pendulum as the relative orientation of the gravitational force 
on it changes in response to the tilt. In this fashion, traceability 
to the mass of the measurement pendulum bob is established. 
The secondary pendulum is also used to measure common 
mode noise to be subtracted from the signal during a force 
measurement. Because the measured force is perpendicular to 
gravity, this system cannot calibrate test masses, however the 
orientation also serves to minimize the effects of seismic noise. 
The instrument has a force resolution of approximately 1 pN, 
and the combined relative standard uncertainty of 3  ×  10−3.

Figure 5 summarizes the mass and/or force ranges, and 
relative uncertainties covered by the metrological facilities 

above (and the radiation pressure force standards described 
below). Considering that force calibrations are available up 
to 16.5 MN, the range of force covered by SI traceable meas-
urement now encompasses over 21 orders of magnitude, with 
recent growth concentrated in the small force range.

3.  Dissemination

The process of disseminating small mass and force references 
to end users has historically proceeded from the top down. 
Internationally, a group of nations agree on a measurement 
system (as, for example, in the treaty of the meter). Nationally, 
the NMIs take the internationally agreed upon measured 
quantity, in this case the kilogram, and implement a mech
anism for duplicating it. International comparisons are car-
ried out at this level to verify consistency. A system is then 
designed to provide the measured quantity to the end user, 
sometimes through a secondary calibration facility. Within 
this paradigm, miniature weights calibrated through kilogram 
subdivision represent the current international standard for 
small mass and force, although other options have emerged 
that allow SI traceable calibration of other mass and force 
standards and sensors using facilities listed above.

3.1.  Submilligram mass

The calibration of submilligram mass artifacts has been the 
subject of increased activity recently. Initially, the work in 
this focused on sensitivity measurements for the comparators 
used to calibrate larger masses [25]. This initial work required 
fabrication of custom test masses from aluminum–silicon 

Figure 5.  Range, uncertainty and methodology of SI small mass and force facilities. Mass is scaled to force using approximate terrestrial 
gravitational acceleration. Upward pointing triangles denote facilities only measuring force, downward pointing triangles denote facilities 
only measuring mass, and squares indicate measurement of both. Lines indicate continuous measurement ranges.
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alloy wire and specialized tools for handling them. A least 
squares weighing design was used to subdivide a milligram 
standard, yielding calibrations for 100 µg–900 µg mass arti-
facts in 100 µg increments. Calibration standard uncertain-
ties obtained ranged from 0.065 µg at 100 µg to 0.16 µg at 
900 µg. Expanding on the approach of previous work [38], 
these micromasses were used to calibrate the sensitivity of 
kilogram-scale mass comparator instrumentation. When 
duplicating a kilogram mass artifact, substitution weighing is 
often used. In this technique, a mass comparator is tared at the 
weight of a reference standard artifact. The standard is then 
replaced with an unknown and the difference in the balance 
reading between the two measurements noted. A sensitivity 
mass is also used to calibrate the reading of the difference. 
Typically, this sensitivity mass is in the range of tens of mil-
ligrams, however when the masses being compared are very 
similar, it is useful to establish the linearity over a smaller 
range of mass. In the work above, the submilligram masses 
were used to check the linearity errors of a mass comparator. 
The authors established that the linearity error at the level of 
1 kg was approximately 0.4 µg using this method; it contrib-
utes negligibly to total calibration uncertainty.

More recently, commercial submilligram weights have 
appeared that are traceable to the SI [26]. Several reports on 
the calibration of submilligram masses describe kilogram 
subdivision methods [27, 28, 30, 39, 40]. International indus-
try standards have concurrently evolved to incorporate the 
requirements for calibration of microgram mass standards 
[4]. The relative uncertainty of these approaches grows to 
4  ×  10−3 for the smaller masses tested due to accruing statis-
tical uncertainty as illustrated in figure 1. A recent intercom-
parison between NPL, PTB an LNE and later among other 
European NMIs found good agreement among several differ-
ent mass laboratories, with results from subdivision methods 
agreeing within 0.2 micrograms for the mass range of 50 µg 
to 500 µg [27, 28]. Interestingly, some of the mass artifacts in 
this study exhibited either a steady decrease or a step change 
in their mass values, indicating that wear from handling may 
be a consideration in their use in the longer term. The com-
mercial ultramicrobalances used for these types of calibrations 
are designed to measure up to several grams, with a minimum 
mass increment of 0.1 µg, so this method is close to its current 
practical limit in terms of the achievable uncertainties.

Electrostatic primary methods are not subject to the same 
constraints as kilogram subdivision, and can realize mass at 
any scale directly. As a result, their uncertainty can be more 
than an order of magnitude lower at microgram scales. Initial 
work in this area compared mass measured using kilogram 
subdivision at NPL and the NIST EFB facilities described 
above. Three mass artifacts ranging from 100 µg to 1 mg were 
compared and revealed a systematic discrepancy [16]. The 
origin of this discrepancy was traced to the mass exchange 
system. In subsequent work [14], improvements to the EFB 
automated mass exchange system included a low power actua-
tor that could return to the same home position after placing or 
removing the test mass. As a result of this and other changes, 
the EFB measures mass with combined standard uncertainty 
of approximately 10 ng at 1 mg and below. At the milligram 

level, a cross check to mass subdivided from the kilogram 
shows agreement with the EFB within experimental uncer-
tainty, indicating that the EFB method can provide calibra-
tions compatible with both the artifact kilogram standard and 
the redefined SI unit based on Planck’s constant. An impor-
tant consideration when performing these calibrations is the 
presence of an adsorbed surface layer on the mass artifacts. 
This surface layer can partially desorb under the vacuum con-
ditions used for the EFB measurements. Interestingly, this 
does not appear to be an issue for the aluminum wire mass 
artifacts used for the milligram comparison. Although it is 
more important for stainless steel weights used as calibration 
references for larger masses. A correction factor documented 
in the mass metrology literature [41] has been verified using 
an EFB measurement of a 10 mg mass artifact. It should be 
noted, however, that the precise correction of the mass value 
for a vacuum-to-air transfer is an active topic of research 
as well [42–46]. The amount of water and adventitious car-
bon adsorbed on the surface of mass artifacts is affected by 
their composition, relative humidity of the ambient storage 
environment, the pressure of the vacuum used during mass 
measurement, time under vacuum, and the previous cleaning 
history of the mass artifact. The surface science of mass arti-
facts will become increasingly important as the uncertainty of 
small mass values continues to decrease.

Other electrostatic balances have shown mass can be meas-
ured accurately in an ambient laboratory environment. The 
ITRI electrostatic force balance demonstrated milligram-level 
mass calibration combined standard uncertainty of 0.23 µg, in 
agreement with mass determined from kilogram subdivision 
[21]. The electrostatic balance at NIM likewise produced an 
accurate value for mass at the milligram level, albeit with an 
uncertainty of 13 µg [23].

3.2.  Calibration of nanoscale material properties  
measurement in AFM and instrumented indentation

One of the applications for small mass and force standards 
has been nanometer-scale mechanical properties determina-
tion. Many of these measurements are carried out using an 
instrumented indenter (nanoindenter) [47] or an atomic force 
microscope [48]. These instruments operate by applying a 
small force to a sharp probe tip while measuring its displace-
ment while in contact with a surface. This allows extraction 
of nanoscale mechanical properties such as hardness and 
Young’s modulus [47]. These probe techniques can be local-
ized to areas as small as atom-scale interaction forces using 
noncontact-AFM techniques [49, 50]. Generally, uncertainty 
in force measurements of less than 1% is considered state of 
the art in this type of measurement, and so the small calibrated 
masses described above can be used to calibrate nanoindenta-
tion measurements [10, 39, 51–53], which typically operate at 
force levels of micronewtons and up.

Micro-electro-mechanical systems (MEMS) structures 
have been fabricated for use as calibration references for 
indenters [54, 55]. These structures operate as both force and 
displacement references, allowing for simultaneous charac-
terization of indentation force and depth measurements. The 
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MEMS were calibrated at the PTB ultramicrobalance facil-
ity and with the nanonewton force facility. There has also 
been some recent work describing self-calibration schemes 
for MEMS force measuring devices [56]. The silicon micro-
structure behaves like an elastic spring as it is loaded until the 
loading platform hits its base. This yields a force from the 
elastic structure’s stiffness, and a displacement from the point 
of maximum deflection. A round robin study involving differ-
ent laboratories measuring the same structure with different 
instruments found agreement under 1% combined standard 
uncertainty [54].

Because they are designed to image the surface topography 
of micro- to nanometer scale areas as well as perform nano-
mechanical testing, AFMs require sensors with relatively high 
resonant frequencies. As a result, they use microfabricated 
silicon cantilevers or quartz tuning forks as force sensors; 
the miniature wire mass artifacts used in the microgram mass 
measurements discussed above are too large to use for these 
sensors in general. AFM cantilevers are most often used when 
it is necessary to measure forces of piconewtons to nanonew-
tons. As a result, a host of methods have been developed for 
calibrating them, and several different types of spring constant 
reference cantilevers are commercially available. A complete 
examination of this body of literature is beyond the scope of 
the current review, but critical reviews are available elsewhere 
[57, 58]. The emphasis here will be studies that have demon-
strated accuracy by documenting traceability to the SI and that 
are in the process of becoming directly available to end users.

A summary of the initial SI-traceable AFM force sensor 
calibration work appears elsewhere [10, 11, 59]. Generally, 
the calibration for AFM sensors focuses on measuring the 
Hooke’s law spring constant of the cantilever-type geometries 
used in the technique. The first prototype spring constant 
reference cantilevers to be developed [60] are now nearing 
completion at NIST, and are shown in figure 6. This was facil-
itated, in part, by the development of an accurate method for 
calibrating their stiffness based on thermomechanical vibra-
tion [61–64]. This method solved a long-standing problem by 
experimentally measuring the modal correction factors used 
to apportion the 1/2kbT of energy in a cantilever vibrational 
mode in thermal equilibrium according to the equipartition 
theorem [65, 66]. The accuracy of this calibration method has 
been confirmed independently using the NIST EFB to directly 
measure the small force and displacement necessary to define 
a spring constant. Following a pilot international comparison 
[59], further work has made use of the direct measurement of 
traceable force and displacement measurement of cantilever 
stiffness using commercial ultramicrobalances and calibrated 
nanopositioning stages. This technique is used in a calibra-
tion service for AFM cantilever spring constant calibration at 
PTB [31]. In a variant of this approach, the ultramicrobalance 
is instrumented with an interferometer to provide direct dis-
placement traceability [67]. Further comparisons in this area 
are ongoing [32, 68, 69], including measurement of very short 
high-bandwidth cantilevers [70]. The ITRI primary electro-
static force measurement facility has been used to measure 
AFM cantilever spring constants as well [21]. An instru-
mented indenter calibrated traceably can also be used in this 

fashion by using the indenter tip to measure the applied force 
and resulting displacement of an AFM cantilever [52, 71]. 
This method can be used for noncontact-AFM quartz tuning 
fork sensors as well [72].

It is also possible to perform direct SI-traceable calibra-
tion in an instrument used for small force measurement. The 
first demonstrations of this in situ calibration capability used 
sphere-on-flat capacitors to generate traceable electrostatic 
forces. In these studies, the spheres were attached either 
to the tip of an instrumented indenter [137], or to an AFM 
cantilever (i.e. a colloidal probe cantilever) [138], providing 
direct force calibration of the sensor in situ. The traceability 
for this calibration was similar to that of the EFB described 
above.

Several microelectomechanical systems (MEMS) devices 
have also been fabricated to allow cantilever spring constant 
measurement. The Nano-force actuator is a microfabricated 
serpentine spring with an integrated electrostatic comb drive 
[69, 73, 74] and is shown in figure 7. Traceability is provided 
by measuring the device’s stiffness at the PTB ultramicro-
balance facility mentioned above. Subsequently, the device 
can be driven with an external DC voltage applied to its comb 
drive while relative displacement is monitored with a separate 
AC signal. When the device comes into contact with a cantile-
ver under test, the increased combined stiffness of the system 
is evident as a change in the drive voltage necessary to move 
the sensor through a given displacement, as can be seen in fig-
ure 7. This, combined with the sensor spring constant, allows 
the determination of an unknown stiffness.

In another calibration strategy, a MEMS device was used 
as an instrumented indenter [75]. Here, the traceability arises 
from the use of a calibrated mass. The stiffness of the device 
was calibrated two different ways. In the static calibration, 
measurement of the device’s deflection in response to a gravi-
tational force from the addition of the calibrated masses yields 
a valid spring constant, to the extent that the device’s axis of 
motion corresponds to the local gravitational acceleration vec-
tor. In the dynamic calibration, measurement of the device’s 
resonant frequency shift in response to the extra inertia from 
the addition of the calibrated masses also yields a spring con-
stant [76] to the extent that the vibrational mode tested corre-
sponds with the deflection of the microfabricated spring when 
used as an indenter.

Figure 6.  Scanning electron microscope image of a NIST prototype 
spring constant reference cantilever array [61].

Meas. Sci. Technol. 00 (2018) 000000



Topical Review

9

3.3.  Radiation pressure force standards

Small force metrology is also useful for calibrating laser 
power. The radiation pressure force from light reflection and 
absorption can be calculated using

Fp =
Pcosθ

c
(2R + A)� (3)

where P is incident optical power, θ is incident angle, c is 
the velocity of light, R is reflectivity and A is absorption. The 
current discussion ignores diffuse reflection. By reflecting a 
high-powered laser from a mirror mounted on a commercial 
microbalance as in figure 8, measurement of radiation pres
sure force can be converted into optical power by inverting 
equation  (3). Initial comparisons between primary calorim-
eter standards and a photon pressure power meter made from 
the commercial microbalance showed agreement at 7% at the 
level of 400 W laser power (approximately 25 micronewtons 
of force) [77]. This technique improved in accuracy with sub-
sequent measurements exhibiting less than 2% uncertainty 
at up to 15 kilowatts [78]. This greatly improves the conve-
nience of calibrations at this laser power level. Previously, the 
flowing water calorimeter instruments used for these calibra-
tions were several cubic meters in size; the photon pressure 
power measurement uses instrumentation that can easily be 
transported by hand. An interesting feature of this calibration 
approach is that the technique is based on reflection so the 
laser power can still be used later in the optical path, making 
it useful for in situ calibration of laser manufacturing equip-
ment. A standard reference instrument, the Radiation Pressure 
Power Meter (RPPM), is now available [7].

Although a full review of the recent advances in gravita-
tional physics is beyond the scope of the review [79–83], it 
may be of interest to note that radiation pressure force meas-
urement based on an SI-traceable laser power detector was 
used to calibrate the displacement transfer function of the 
electromagnetic actuators used in the mirror masses of the 
laser interferometer gravitational observatory (LIGO) [2]. 
In addition, a measurement of the Newtonian gravitational 

constant was proposed as a standard for laser power metrol-
ogy [84].

3.4.  Quantum mechanical and intrinsic force standards

A recently emerging possibility for piconewton force stan-
dards harnesses individual flux quanta in a superconducting 
ring [85–87]. The magnetic fluxoid of a superconducting 
annulus is quantized in steps of h/2e (the flux quantum). The 
resulting magnetic moment is therefore quantized as well. 
The experiment illustrated in figure 9 exploits this to produce 
a quantized force measured at an ultracompliant microfab-
ricated cantilever. The cantilever structure is similar to that 
used for magnetic resonance force microscopy (MRFM) 
[88], although there are two separate pads on the cantilever, 
one for interferometric displacement readout and one for the 
superconducting niobium ring. An experiment performed at 
low temperature monitored the deflection or shift in reso-
nant frequency of the cantilever while an external magnetic 
field was applied due to the Meissner effect. Quantized steps 
appeared in measured force as the external magnetic field 
applied to the cantilever changed. This was the result of the 
magnetic moment of the superconducting annulus undergoing 
quantized shifts, and represents a possible realization path for 

Figure 7.  Scanning electron microscope image of PTB MEMS nanoforce actuator (A). Representative data showing the sensor output 
as voltage is applied to the comb drive, and the resulting signal from the deflection of the AFM cantilever in contact with the device. The 
characteristic jump to contact and out of contact is labeled [74].

Figure 8.  Schematic of NIST Radiation Pressure Power Meter. 
Reprinted with permission from [79], The Optical Society.
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attonewton to piconewton forces based on Planck’s constant 
through direct observation of a the superconducting magnetic 
fluxoid which is quantized to integer multiples of h/2e.

There has also been an effort to develop intrinsic force 
standards, which are standards based on well-defined forces 
occurring in natural phenomena. Recent work in the bio-
physics community centered around development of a force 
standard based on the mechanical properties of single DNA 
molecules [89–92]. Single molecules of DNA exhibit entropic 
elasticity as they are extended [93]. One of the most widely 
used single molecule measurement instruments are optical 
tweezers. In this technique, the radiation pressure force from 
refraction of tightly focused laser light passing through a 
microsphere causes a potential minimum at the beam waist. 
This can be used to trap and manipulate the microsphere in 
fluid [94]. One study describes use of the wormlike chain 
model to extract optical trap calibration parameters from sin-
gle DNA molecule force-extension curves at forces less than 
10 piconewtons [89]. Subsequently, the DNA overstretch 
transition, a cooperative dissociation of the DNA base pairs 
when stretched with a force of approximately 65 pN [95], 
was also examined as a potential force standard for optical 
tweezers [90] and AFM [91]. In the cryogenic high vacuum 
regime, the force required to mechanically break a single 
covalent bond between gold atoms was measured using a 
measurement traceable to the SI through a radiation pressure 
force calibration [96].

4.  Emerging trends

As the kilogram is redefined, an opportunity arises to evaluate 
current methods in mass and force metrology and examine 
new scientific developments that have the potential to shape 
measurement science. While several new techniques for scal-
ing mass and force within the SI have already been described, 
there is other work that, while not focused on SI metrology, 
involves the measurement of small mass or small force that 
could provide opportunities for development of new stan-
dards. At a fundamental level, measurements of force require 
a sensor: something that transduces a measurable response to 
a force. For mechanical sensors (sensors based on measuring 
motion of an object in some way), the minimum detectable 
force is set by fluctuation dissipation. For an object in thermal 
equilibrium with its environment, the minimum detectable 
force is

Fmin =

√
4kmkbTB
ω0Q

=
√

4kbTBγm� (4)

where the object is assumed to attach to the laboratory refer-
ence frame through a linear spring with mechanical stiffness 
km, kb is Boltzmann’s constant, T is temperature, B is measure-
ment bandwidth, ω0 is the system natural circular frequency, 
and Q is its quality factor. The second expression assumes the 
damping ratio γ  =  ω0/Q, and system mass m  =  km/ω2

0.
From equation (4), a path to increased force sensitivity is 

reduction of system mass and temperature. As a result, there 
has been some recent interest in using trapped atoms and ions 
as force sensors. Not only do individual atoms (and trapped 
ensembles) have extremely low mass, there is also an exten-
sive body of work documenting methods for cooling and trap-
ping them [97]. Recent series of publications examined the 
use of trapped ions to measure forces with sensitivities in the 
range of yN2/Hz (yoctonewton  =  10−24 N) [98–101]. Some 
studies document force resolution approaching the standard 
quantum limit [102] (where the measurement process itself is 
the cause of the noise) or offer proposals for moving beyond 
it [103]. These types of systems, however, rely on exquisite 

Figure 9.  Diagram of flux quantum force sensor (A). 
Representative data showing stepwise shifts in the sensor resonant 
frequency, f, and sample magnetic moment, m, as applied 
magnetic field, HFC changes (B). Inset shows the experimental 
protocol: warming above the critical temperature of the niobium 
superconducting loop and cooling down below it (i), increasing 
magnetic field (ii), measuring f (iii), and decreasing HFC to 
subsequent value [86, 88]. Note that the 1 Oersted (Oe) corresponds 
to (1000/4π) A m−1 in SI units.

Figure 10.  Diagram of diamagnetic levitation force reference. 
Permanent magnets M1 and M2 mounted to a metrology frame 
and a levitated rod, respectively, act to provide a stable repulsive 
magnetic force from the diamagnetic interaction with graphite slabs 
to produce a force vector in the x-direction [121].
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isolation from their environment to reach their ground state, 
where force sensitivity is maximized. As a result, extreme care 
must be taken when using them to measure external forces, 
as very small disturbances are likely to cause loss of the ions. 
This makes it difficult to use them as standards for force meas-
urement, although some recent studies offer some promising 
results in measuring surface interactions [99, 104] which may 
indicate feasibility for SI metrology at the smallest levels of 
force.

Another system of this type is trapped and levitated 
dielectric particles. These systems immobilize a micro- or 
nanoparticle in an optical field and use an external field to 
cool feedback or sideband cool [105] the particle. The trapped 
particles do not require a cryostat, and may be operated at 
reduced sensitivity in air or even liquid. A review of the appli-
cation of these traps to force sensing is provided elsewhere 
for vacuum [106] or liquid [107]. It has been suggested that 
these systems are capable of similar force sensitivities to the 
trapped ion methods, while being compatible with short-range 
interaction force measurement [108, 109].

Similar control of the motional properties of micro- and 
nanoelectromechanical systems (MEMS and NEMS) have 
also recently demonstrated promise for highly sensitive force 
detection. Measurements of mechanical motion below the 
standard quantum limit were performed [110] and the ground 
state was obtained for micrometer-scale sensors [111–113]. 
Although the micromechanical oscillators used in these stud-
ies will remain attached to their substrates, preparation of the 
ground state still required extensive isolation from outside 
disturbances within a cryocooler. Nevertheless, the exqui-
site control over the state of the sensor vibrational mode may 
make it possible to realize a mass or force calibration from 
quantum information coupled into or out from such a system.

Building on advances in attonewton force measurement 
techniques used in magnetic resonance force microscopy 
(MRFM) [88, 114], Carbon nanotube mechanical oscilla-
tors have been used for sub attonewton force measurement 

[115–117], offering the possibility of calibration of small 
forces traceable single electron charge. Similar nanomechani-
cal systems can be used to detect single molecule [118] or 
atom-scale mass [119, 120]. This could allow a small mass 
traceability path from the mass of the atomic or molecular 
species detected, in analogy to the kilogram traceability path 
from the XRCD method.

A different technique yields a potentially SI traceable mass 
calibration technique through mass removal by an electro-
chemical process [121]. Based on early pioneering work [122, 
123], this technique measures current during electrolysis of 
a tungsten wire. Because six electrons are removed for every 
Tungsten atom lost to oxidative dissolution, the measure-
ment of electrolysis current provides a mass change using the 
Faraday constant.

Another way to measure small masses in a fluid environ
ment uses suspended microfluidic channels embedded in a 
cantilever [124, 125]. The cantilever is encased in a vacuum 
environment, and acts as a resonant mass sensor. Because the 
hydrodynamic dissipation of the system is minimized, the 
sensor’s resonant frequency can be measured precisely. The 
small shifts in this frequency due to added mass from small 
objects passing through the microfluidic channel can be used 
to calculate the mass of the objects suspended in the fluid, or 
adsorbed to the surface of the channel using:

f =
1

2π

√
kc

m∗ + α∆m
� (5)

where kc is the cantilever spring constant, m* is the effective 
modal mass of the cantilever, α is a numerical constant which 
depends on the location of the detected mass in the channel, 
and Δm is the detected mass. Typically, micro- to nanometer 
scale particle size standards are used to calibrate the sensor 
by assuming a known size distribution and density. One of 
the obstacles to measurement of the mass of objects on this 
size scale is the difficulty associated with handling them. 
This is one of the causes of a gap between macroscale mass 

Figure 11.  Schematic of optomechanical system (A) showing Fabry–Perot displacement measuring interferometer (FP), radiation pressure 
force from a superluminescent diode, F, and its relation to laser power, P, and velocity of light, c, when acting on an optomechanical 
system of mass, m, stiffness, k, and damping ratio, γ. Micrograph of assembled fused silica parallelogram flexure optomechanical force 
reference sensor (B) [133].

AQ5

Meas. Sci. Technol. 00 (2018) 000000

gshaw
Cross-Out

gshaw
Inserted Text

gshaw
Inserted Text
in
which capability in mass metrology is limited



Topical Review

12

calibration and atomic and molecular mass measurement in 
which capability in mass metrology is limited. This measure-
ment scheme solves the manipulation problem by embedding 
them in a fluid for handling. If the parameter α can be deter-
mined, there are several other possibilities for determination 
of kc, and the possibility exists to address the mass gap in a 
physiologically relevant arena.

LNE has also begun the operation of a photoelastic force 
measurement facility. In this approach, a solid-state laser gain 
medium (a cylindrical Nd:YAG crystal) is used as a force sen-
sor. When the crystal is placed under load by a test mass, bire-
fringence occurs anisotropically for the different polarization 
axes of the lasing crystal, producing a frequency difference 
between the polarization states. The orthogonal components 
of the laser are then mixed to produce a beat frequency pro-
portional to externally applied force [126]. The principal 
advantage of this approach is the ability to link a small mass 
and force measurement directly to a frequency allowing the 
operator to take advantage of the exquisite stability available 
in time and frequency metrology [127]. With mass sensitivi-
ties of approximately 0.5 MHz g−1 documented for the current 
generation, this is a potentially viable strategy for calibration 
of small mass and force. This is particularly true consider-
ing that the frequency sensitivity to mass increases as smaller 
objects are used as laser gain media.

The Femto-st Institute [128, 129] operates a facility based 
on diamagnetic levitation. In this approach, small permanent 
magnets attached to a thin silica fiber are positioned between 
slabs of highly ordered pyrolytic graphite (HOPG) as shown 
in figure 10. In conjunction with an externally applied magn
etic field, the repulsive force between the diamagnetic HOPG 
and small permanent magnets stably levitates the fused silica 
rod. A dynamic calibration of the device is carried out with a 
zero-input response (ZIR) technique using a pulsed excitation. 
This approach uses a single degree of freedom damped simple 
harmonic oscillator model to reconstruct the sensor ringdown 
after an impulse and given the sensor mass (measured on a 
microbalance which provides traceability to the kilogram) 
provides a natural frequency, damping ratio and stiffness. 
These parameters can then be used as the basis for a calibra-
tion of small force provided the model used for calibration 
corresponds to the same force applied externally during the 
calibration. This allowed for measurement of an external force 
in a range of  ±80 µN with a resolution of 5 nN.

As a result of the SI redefinition planned for 2018 [12], an 
additional possibility has emerged: direct metrological stand-
ard delivery at the endpoint use by an embedded standard. A 
measurement that demonstrates an unbroken chain of metrol-
ogy to Planck’s constant can be used to define mass and force 
standards under the revised SI. If a system incorporates the 
fundamental constants in a calibration device, SI traceability 
is built in. Such an approach is referred to as an embedded 
standard, or NMI-on-a-chip. One option for embedded force 
calibration is the use of the radiation pressure forces in equa-
tion  (3). Assuming perfect reflection and normal incidence, 
one milliwatt corresponds to approximately 6.7 pN. The cur
rent cryogenic radiometer standards used for laser power at 
the milliwatt level yield relative calibration uncertainties of 

10−4 [130]; this level of uncertainty would represent a sub-
stantial improvement in piconewton force calibration.

Initial work in SI-traceable photon pressure force meas-
urement used a reflected laser to characterize a microsensor’s 
mechanical impedance [96, 131]. Subsequently, a photon 
pressure force reference was built into a frequency-modulated 
AFM sensor [132] as shown in figure 10, and demonstrated 
femtonewton force resolution. This study also compared the 
results of a resonant mass measurement to the photon pressure 
force calibration, showing agreement better than 1% between 
the two methods. This provides the possibility for an embed-
ded small mass and force standard. The technique has been 
replicated at higher laser power using torsion pendula and bal-
ances as well [133–136]. It is possible to scale the use of light 
for mass and force calibration to extremely small forces, lim-
ited only by the momentum of a single photon. One of the pit-
falls of the embedded approach lies in ensuring the reliability 
of the standard. Typically, NMIs use multiple cross-checks to 
ensure that calibrations that bear the imprimatur of accuracy 
provided by the SI will be consistent without fail. Similarly, 
any SI traceable embedded standard must have a mechanism 
to guarantee it is working properly during the end use if the 
process of regular calibrations is to be circumvented.

5.  Conclusion

Recent advances in the field of small mass and force metrol-
ogy have been summarized. Currently, multiple facilities 
for direct realization or SI-traceable measurement of these 
quantities are operating and actively generating calibration 
references for submilligram mass artifacts, instrumented 
indentation, atomic force microscopy, and laser power mea-
surement. The kilogram redefinition provides a backdrop for 
improved scaling of mass and force units, and new scientific 
advances are occurring to develop new techniques for small 
force metrology. Improvements in the efficiency of dissemi-
nation of newly developed metrology may be provided by 
embedded standards that provide an SI-traceable calibration 
directly at the point of use.
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