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A miniature 3D-printed Kibble balance for mass sensing applications

by Emily F Edge

Mass measurements are an essential part of every day life. Many transactions and
tasks from paying a fair price for groceries to receiving a safe and effective dose of
medicine rely upon accurate and traceable mass metrology. The redefinition of the
International System of Units ( SI) kilogram in terms of the Planck constant (/) in 2019
encouraged the implementation of directly traceable mass measurement at the point of
need. One of the routes to traceable mass measurement is the Kibble balance principle
which compares a mechanical force with an electromagnetic force. The updated mass
definition presented an opportunity for improved measurement uncertainty at scales
of less than a kilogram and also the introduction of traceable mass measurement at
scales of less than a milligram. An analytical feasibility study of the electromagnetic
Kibble principle suggested that it may be possible to achieve competitive mass
measurement uncertainties at scales of 1 mg and extend the traceable range to 1 ug
with an uncertainty of 0.5%. Three-dimensional ( 3D) printing is an emerging field in
the development and fabrication of micro-electromechanical system ( MEMS) devices.
There are a number of benefits to 3D printing including the ability to rapidly produce
prototype designs and the creation of fully 3D structures. The main aim of this work
was to create a 3D printed prototype Kibble balance for masses between 1 g and 10g
with a measurement uncertainty of 0.25 % (at k=1) or less as a proof-of-concept device
for miniaturisation to MEMS scale. Two options for generation of a 0.1 T radial
magnetic field, anti-Helmholtz coils and opposing permanent magnets, were
investigated through computer simulated models and laboratory experiment. The

results showed that permanent magnetic material was a viable solution.
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A “low cost” prototype system at the gram-level was designed based upon a single
ring magnet with co-wound tare and bifilar main coils. Bespoke coils and 3D printed
mechanical parts were manufactured and combined with commercially available
components and National Physical Laboratory ( NPL) produced hardware and
software from the existing NPL Demonstration Kibble balance. This design was
presented and published at the Joint International Measurement Confederation (
IMEKO) TC3|TC5|TC16|TC22 Conference in 2022 [1]. The characteristics of the
prototype system were measured and compared with the design estimates during the
setup phase. Many of the key subsystems were calibrated individually to provide
traceable measurements and estimates of uncertainty. The initial mass measurement
performance of the prototype was determined using artifacts in the range 3.5g t0 6.0 g.
The calculated uncertainty on the mass results was 0.2% (at k = 1). These results were
compared with a traditional mass calibration of the artifacts performed at NPL to
International Organization for Standardization ( ISO) 17025 standard. This
comparison revealed a +3.6% systematic error in the prototype system. Once
identified, the source of this error can be eliminated to allow the device to be scaled to
the micro-gram level within a target uncertainty of 0.5% (at k=1).
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Chapter 1

Introduction

1.1 Kibble Balance

A Kibble balance is an instrument that can realise the mass of an object directly from
the International System of Units (SI) definition of the kilogram (kg). It was invented
by Bryan P. Kibble at the National Physical Laboratory (NPL) in 1975 and was
originally known as the “moving-coil watt balance” or “watt balance” for short [2].
Since then watt balances have been built by several National Metrology Institutes
(NMI) and also at the International Bureau of Weights and Measures (BIPM) [3]. After
Kibble’s death in 2016 it was decided by the scientific community to adopt the name
“Kibble balance” in his honour [4].

The NPL markI watt balance was developed in the late 1970s for the purpose of
realising the SI unit of current the ampere (A) to a higher level of precision and
accuracy [5]. In the late 1980s this work led to international agreement of the
conventional values of the Josephson constant (Kj) and the von Klitzing constant (Rk)
used in the fields of precision voltage and resistance metrology respectively [6]. Later
this balance was used to realise the SI watt and consequently determine the value of
the Planck constant (k) [7].

The NPL markII watt balance was built in the 1990s for the purpose of measuring the
Planck constant. It was operated at NPL until 2009 when it was transferred to the
National Research Council (NRC) in Canada [8]. In 2017 the NRC- NPL mark II
Kibble balance contributed to the international effort to redefine the SI kilogram in
terms of fundamental constants of nature including the Planck constant [9][10]. In
November 2018 agreement was reached to fix the value of the Planck constant and
adopt the new definition [11]. It came into use the following World Metrology Day on
20t May 2019. This was a pivotal development in the field of mass metrology. With a

fixed value of the Planck constant the Kibble balance technique allows the mass of any
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object or substance to be measured with direct traceability to the SI definition
anywhere in the world, at any time, and at any scale. The benefits include significantly
shorter traceability chains, the elimination of calibrated mass standards, and the
potential for reduced uncertainty at scales of less than 100 mg. To realise mass from
the SI definition at small scales it will be necessary to create appropriately sized

Kibble balance sensors.

1.2 Micro-electromechanical Systems

A micro-electromechanical system (MEMS) device consists of mechanical and
electrical components constructed at the micron to millimeter scale. These devices are
transducers that can change mechanical movement into an electrical signal or vice
versa. MEMS are embedded into larger systems to fulfil a variety of functions such as
pressure sensor, optical switch, accelerometer, or energy harvester. Traditional MEMS
devices are created using micro fabrication techniques such as deposition of material
layers on to a silicon substrate, photolithography, and wet and dry etching. These
techniques are also utilised in Integrated Circuit (IC) chip fabrication, therefore the
mechanical elements and associated electrical circuitry of a MEMS device can be
constructed in the same process. Silicon is the preferred material for ICs. However
MEMS can also be made from polymers, metals, and ceramics depending on the
requirements for the application of the device. MEMS devices are low cost to produce
in large volumes due to their physical size combined with well established batch
production methods originating from IC fabrication [12] [13].

MEMS design can be limited by the prevalent fabrication methods. Firstly, the nature
of the deposition, patterning, and etching techniques determines the types of
structures that can be achieved. Usually MEMS are Two-dimensional (2D) or 2.5D at
best. Complex Three-dimensional (3D) structures cannot be achieved. Secondly,
traditional MEMS fabrication requires access to a clean room with expensive
deposition and lithography equipment. This can slow the rate of prototyping and

reduce opportunities for creating new designs.

By contrast, an emerging field in the development and fabrication of MEMS is 3D
printing. There are a number of benefits to 3D printing MEMS devices including the
ability to rapidly prototype designs and the creation of fully 3D structures. A range of
techniques and methods have evolved over the past two decades such as Fused
Deposition Model (FDM), stereolithography, and two-photon polymerisation that are
capable of producing minimum feature sizes of around 200 ym, 50 ym, and <1 ym
respectively [14]. Hybrid devices combining traditional MEMS with 3D printed parts
were created initially. For example, silicon MEMS sensors embedded into 3D printed

structures for gas sensing and fluid flow applications. More recently, complete MEMS
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devices were created using modified or a combination of additive manufacturing
techniques including MEMS switches that were 3D printed using two types of
material, a conductive polylactic acid (PLA) and a water soluble polyvinyl alcohol
(PVA) [14]. Other 3D printed electrical components such as resistors, capacitors, and
inductors have been demonstrated. The component structure was manufactured
using FDM techniques with channels or tubes printed in a sacrificial material. The
electrical circuits were formed by injecting a “liquid metal paste” into the cavities
created by the removal of the sacrificial material. These components were successfully
used to demonstrate the implementation of a passive wireless sensor for detecting
biochemical changes in milk kept at room temperature [15]. Differential capacitive
sensing accelerometers are another example of 3D MEMS devices created through a
combination of additive manufacturing and wet metalisation processes [16]. This
work demonstrated that “fit-for-purpose” MEMS accelerometers could be created
using these methods with the benefit of being individually customised. This flexibility
is highly desirable for rapid prototyping of new sensors. If the technical limitations of
3D printing MEMS such as feature resolution can be overcome then it is likely that

these methods will supersede the current MEMS fabrication methods.

A key milestone in the miniaturisation of Kibble balance technology to MEMS scale
(sub-milligram level) is the creation of a 3D printed Kibble balance at the gram-level
(1 g to 10 g). This proof-of-concept device will be used to inform the design of future
micro-Kibble balances and act as a test bed for electronic and software subsystems that

can be directly transferred.

1.3 Route to a 3D Printed MEMS Kibble Balance

The primary purpose of a 3D printed MEMS Kibble balance will be to function as a
competitive alternative to existing micro-balances that are calibrated using
transferable mass standards. The requirements of such a device include traceability to
the SI, with a target relative uncertainty lower than can be achieved for International
Organisation of Legal Metrology (OIML) class E1 weights calibrated by sub-division.

The level of traceable mass measurement uncertainty achievable by end users in some
applications is currently limited by the uncertainty of the value assigned to the
standard masses, commonly referred to as “weights”, used in their process or
methodology. The OIML recommends specifications for standard weights in
document OIML R 111-1:2004. Weights are arranged into classes (E, F, and M) and the

maximum uncertainty for each nominal mass is stated [17].
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FIGURE 1.1: Target uncertainties for a future MEMS Kibble balance and a 3D printed
prototype at the gram-level in comparison with the maximum permissible standard
uncertainty (k = 1) of mass standards below 1kg according to the OIML [17].

A typical end user at best only has access to class E1 weights with their associated
uncertainties. For the majority of applications involving quantities of greater than 1g
this is acceptable as the level of uncertainty is less than or equal to 1.7 ppm (atk = 1).
When working at sub-gram levels relative uncertainties increase sharply as shown in
figure 1.1. This is the region of the mass scale where there are the biggest gains to be
made in terms of reducing uncertainty. Figure 1.1 includes suggested target
measurement uncertainties for a future 3D printed MEMS Kibble balance (black line)
that aims to compete with traditional mass balances and a target measurement
uncertainty for a proof-of-concept 3D printed prototype at the gram-level (blue
shaded area). The MEMS targets were calculated in relation to OIML standard
weight maximum permissible uncertainty also shown in figure 1.1. A total uncertainty
of less than or equal to 0.8 01 between 10 mg and 100 g and 0.5 % at less than 100 ug

where traceable mass measurement is not currently available.
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FIGURE 1.2: Target uncertainties for a future MEMS Kibble balance and a 3D printed
prototype at the gram-level in comparison with examples of uncertainties (k=1)
achieved by existing Kibble and electrostatic balances [3][18][19][20][21].

Figure 1.2 places the target uncertainties for a future MEMS Kibble balance and a
gram-level 3D printed prototype in context with published mass measurement data
from a selection of existing state-of-the-art Kibble and electrostatic balances. Each
existing balance was designed to compete with mass standards in terms of
measurement uncertainty at its respective operating mass range. The design details of

each balance in figure 1.2 are presented and examined in chapter 2.

A 3D printed Kibble balance operating between 1 g and 10 g was not expected to
compete with existing traditional electronic mass balances or state-of-the art Kibble
balances in terms of measurement uncertainty due to limitations in affordable voltage
measurement technology, low-cost 3D printing manufacturing, and operation in air.
The primary focus of this device was to demonstrate the proof-of-principle as a
stepping stone to a 3D printed MEMS Kibble balance at the milligram to microgram

range.

The target standard uncertainty for the 3D printed prototype at the gram-level was
selected to be between 0.1 % and 0.25 % (k = 1). If this measurement uncertainty could
be achieved with a proof-of-concept device then it is likely that the 3D printed MEMS
Kibble balance targets could be achieved upon further miniaturisation.
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1.4 Motivation

Mass measurement affects all aspects of daily life. Everything from taxation on
commodities, to safety on flights, to pricing of groceries in shops, to the dose of active
ingredient in medicine, relies upon mass measurements made with appropriate

accuracy and precision at a high level of confidence.

The redefinition of the SI kilogram in 2019 in terms of a fixed constant of nature, the
Planck constant (1) [11], created the opportunity for improvement in the accuracy,
precision, and confidence of mass measurement. In particular, measurements in the
range from 10 mg downwards has the biggest prospect of improvement in uncertainty
as a result of the new definition. Applications that involve measurements in this range
occur across a variety of sectors such as pharmaceutical, environmental, commodities,

and manufacturing.

1.5 Aim and Objectives

The aim of this work is to take a step towards enabling directly traceable mass

measurements on the shop floor.

The primary objective is to produce and evaluate a low cost 3D printed Kibble
balance for masses between 1g and 10 g with a target standard uncertainty of 0.25%
(k = 1) or less. This 3D printed balance is intended to act as a stepping-stone towards
the development of a MEMS device capable of measuring mass at scales of less than
or equal to 100 mg with a standard uncertainty of 0.5% (k = 1).

1.5.1 Current State-of-the-Art

Existing mass measurement technology and methodology is limited by virtue of being
developed to utilise the previous artefact-based SI kilogram definition which had

three major drawbacks.

Firstly, artefact-based definitions inherently limit the method of dissemination. In
terms of mass, this means that calibrations typically involve physical mass standards
(also known as “weights”) as the source of traceability. This method can occasionally
create a barrier to traceability. If a sensor is not compatible with traditional standard
weights, for example it can not accommodate a weight in terms of dimensions or other
properties, then a secondary standard or method needs to be used. Either this method
is not directly traceable to the SI or it introduces an extra step into the traceability
chain. Additional steps in a traceability chains usually introduce additional relative

uncertainty at each step.
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Secondly, the best relative uncertainty on a mass measurement can only be achieved at
one kilogram. By definition, the International Prototype Kilogram (IPK) always had a
mass equal to exactly 1kg with zero uncertainty. The method of determining the mass
of any artefact, other than the IPK, was by direct comparison with an artefact of
known mass. Hence a chain of mass comparisons, starting with the IPK, was formed
in order to disseminate traceable mass values across the globe. The uncertainty
incurred during a mass determination by comparison was minimised by ensuring that
the mass of the two artefacts being compared were within a few milligrams and their
volumes were within a few millilitres of each other. For artefacts of nominal mass not
equal to 1 kg the method of comparison was adapted. Subdivision of the kilogram,
specifically the method of assigning values to artefacts that have mass less than 1kg,
introduced increasing relative uncertainty with decreasing orders of magnitude by
virtue of the nature of the iterative process. Typically, the relative uncertainty at 1 mg
was at least five orders of magnitude higher than at 1kg [17].

Thirdly, traceable measurement is not practical below 1 mg as the stability of standard
artefacts is extremely poor at this scale due to issues of contamination and/or damage
when in use. For example, the addition of dust particles has a much greater impact on
the total mass than at the gram or kilogram level. Transfer mass standards at this scale
are typically constructed from aluminium wire. The material properties and small
physical size results in a delicate object that requires extremely careful handling to
prevent loss of mass. In addition, the calibration history for standard artefacts at this
scale is typically relatively short due to the ease at which they can be lost and hence
were frequently replaced. The smallest commercially available standard masses are 50

ug [22].

Since May 2019, the definition of the SI kilogram has been based on a fundamental
constant of nature, the Planck constant /1, and does not imply or prescribe a method
for realisation of the unit. Primary measurement (or realisation) of mass is no longer
tied to a specific artefact at a single point on the scale. Any instrument that
incorporates the fixed value of the Planck constant may be used. Therefore, SI mass
can now be realised anywhere, at any time, and at any point on the mass scale. This
presents a new opportunity to overcome the limitations of the artifact based definition
discussed in this section.

1.5.2 Voice of Customer Survey

In 2018 a Voice of Customer (VoC) survey was carried out by the NPL. The aim of
this activity was to identify current and future industry requirements for small mass
and force measurement. Colleagues working in different scientific fields at NPL were
consulted on existing applications for small mass and force measurement, gaps in the

traceability chains, and the potential for a micro-Kibble balance to solve existing or
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future measurement problems. This led to discussions and interviews with external

contacts working in industry across a wide variety of sectors and applications.

It was found that the limiting factors and technical challenges of the pre-2019 SI
kilogram definition (artefact basis discussed above) impact mass and force
measurement capability in a number of applications. For example, there are many
application specific sensors that are designed to make non-traceable relative mass
measurements. These sensors allow small mass measurements to be made by
difference at a reduced level of confidence. They generally rely upon non-traceable
standards and/or the linearity of the sensor. Whilst these are practical and useful
solutions for self-contained sets of measurements they have significant drawbacks in
terms of verification and external comparison, specifically comparison of results that
have been collected in different locations, at different times, or with different

equipment cannot be made with confidence.

Jones [23] and Shaw [24] highlighted applications where the pre-2019 SI definition of
the kilogram introduced limitations. Low concentration solutions are commonly
produced by following a serial dilution method. Similar to sub-division of the
kilogram, uncertainty is accumulated at each step of the method resulting in high
relative uncertainty on the target solution. Many coating applications use differential
measurement of mass to infer layer thickness during deposition or etching of
materials. These are relative measurements and cannot be reliably compared with
other relative measurements made elsewhere. Pipette calibration is carried out using
small volumes of water and relies upon the linearity of a micro-balance in particular
for volumes below 1 ul. Air quality monitoring methodology for particulate
measurement employs differential weighing of filters. This is an example of a static
measurement of a dynamic phenomenon which consequently limits the conclusions
that can be drawn about the emissions that contributed to the result. Specifically,
information about the rate of emission and/or time of day is not captured by these
measurements. Micro-balances are used to measure the mass of micro diamonds
during land surveys in the diamond mining industry. Typically, traditional
micro-balances do not have enough resolution for this application and traceable mass
standards do not exist in the micro-gram range. Atomic Force Microscopy (AFM),
Scanning Probe Microscopy (SPM), and nano-indenter cantilevers require mass
standards for traceable force calibration. However traceable mass standards in the
lowest range (<1 ug) do not exist.

Table 1.1 summarises the findings of the VoC survey. To realise the potential of
enhanced measurement capability in these applications new sensors and instruments

that exploit the advantages of the 2019 SI kilogram definition need to be created.
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TABLE 1.1: Summary of requirements for low scale mass metrology applications. In-
formation drawn from voice of customer market research carried out by NPL.

Sector Application Ma;i/al;:rce Challenge Requirements
Drug milligrams to High throughput - 10s per Dynamic “in-line
. . measurement. Regulatory
Pharmaceutical production grams second
type approval.
High value powders. Low High accuracy on very small
Cell and gene micrograms to quantity batches. quantities. Compatibility
therapy milligrams Continuous production with powders. Regulatory
methods. type approval.
. . Traceable real-time Continuous measurement.
Air pollution - o
. . . measurement. Many types Remote calibration.
Environment particulate micrograms . . s .
- of particulates - size and Compatibility with target
monitoring . .
material. particulate(s).
Mining -
B dlamgnds, . High value. Very small High accuracy on very small
Commodities precious micrograms - quantities. Static
quantities.
metals, rare measurements.
earth elements.
Material testin Calibration of Atomic Force
. . J Microscope (AFM) and Traceability to SI units. Very
Manufacturing - instrument nanonewtons . . .
o indenter cantilever spring low scale forces
calibration
constant

1.6 Thesis Layout

Selection of Approach

Chapter 2 comprises a literature review of the existing methods of mass realisation

and measurement. The performance and features of state-of-the-art Kibble balance

experiments and competing technologies across the mass scale are presented and

evaluated. Examples of MEMS scale devices that include elements of Kibble balance

devices are also included. The designs of these devices were used to inform and

inspire the design of the 3D printed Kibble balance prototype in preparation for

transfer to MEMS scale in the future.

Feasibility Study

Chapter 3 contains the details of an analytical feasibility study for an electromagnetic

Kibble balance operating in the mass range 1 g to 10 g. A simplified model,

simulations, and calculations based on assumed parameters are presented and

evaluated against the aim of this work. The simulations were carried out in COMSOL

Multiphysics® software. An assessment of suitability to scaling to MEMS scale was

made.
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3D Printed Prototype

Chapter 4 focuses on the design, analytical evaluation, and manufacture of a novel 3D
printed Kibble balance at the gram-level. The prototype design was based upon the
outcomes of the feasibility study, low cost 3D printed parts, off-the-shelf components,
and NPL designed Kibble balance electronics and software subsystems. All 3D
printed components were designed in SolidWorks Computer Aided Design (CAD)
software and manufactured on FDM type 3D printers from PLA filament. Estimates
of expected characteristics and performance of the prototype were calculated based on
the mechanical and electromagnetic design and also the specification of the
commercial-off-the-shelf (CotS) parts. Details of the manufacturing process, initial
testing, troubleshooting, and design changes implemented to overcome issues are

presented.

Prototype Calibration

Chapter 5 contains details of the verification of the 3D printed prototype
characteristics against the design predictions presented in chapter 4. The results of

individual subsystem calibration including estimated uncertainties are included.

Prototype Performance

In chapter 6 the results of mass measurements of five test pieces made using the 3D
printed prototype are presented an analysed. The test pieces were glass marbles in the
range 3.5 g to 6 g. Their masses were calculated from measurement sequences
comprising weighing and moving data with both mass on and mass off. A detailed

uncertainty budget was included.

Conclusions and Future Work

In chapter 7 the contents of this work are summarised. Conclusions are drawn on the
measured performance of the 3D printed prototype against the target uncertainty
stated in chapter 1. Recommendations of future work to optimise the performance of
prototype are made and next steps for future work towards a 3D printed MEMS
Kibble balance presented.
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1.7 Novelty

The 3D printed Kibble balance presented in this work is unique in its combination of

design features, low cost components, and principle of operation.

The mechanical design of the prototype balance was based on two symmetrical pivot
arms containing four double-ended cross-flexure (C-Flex) bearings. The balance arms,
support frame, and moving frame were all 3D printed from PLA plastic filament.
This is the first example of the mechanical elements of a Kibble balance being reliant
on the material properties and manufacturing quality of plastic 3D printed
components in combination with double-ended C-Flex bearings.

The electromagnetic core of the balance was designed to be low cost and space
efficient. The tare coil and bifilar main coil were co-located inside the same magnetic
field. This reduced the number of magnets required and at the same time reduced the

total volume of space occupied by the balance.

This prototype has made use of several subsystems that are part of the NPL
Demonstration Kibble balance such as the linear encoder for position and velocity
measurement, the magnet and magnet holder, the mass lift actuator for raising and
lowering the mass under test, the electronics box (including voltmeter, current
sources, coil switching, position sensing, frequency counter, mass lift) and the Real
Time Computer (RTC) with its associated optical-fibre ring interface bus [25] and NPL
Kibble balance software Nessus-2. Many of these components were designed and
manufactured by NPL in small quantities for research purposes. When added to the
cost of the CotS components used in the prototype the total cost was approximately
£5000. This could be reduced if the prototype were to be manufactured at scale.

The prototype makes mass measurements by implementing a “single mode, two
phase” methodology, specifically the bifilar main coil carries the weighing current in
both the weighing and moving phases. This is the first Kibble balance to implement
this methodology at the 1g to 10 g range.
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Chapter 2

Background

2.1 Mass Metrology

In physics “mass” is an abstract concept defined as an intrinsic property of a body.
There are several physical theories that include the concept of mass spanning classical
mechanics, relativity, and quantum mechanics. This has resulted in a few possible
methods for measuring mass. However for centuries the underlying principle of mass
metrology on planet Earth has been comparison of gravitational mass. The force
exerted on an object (or substance) due to acceleration due to local gravity was
compared to the force exerted on another “standard” object (or quantity of substance)
of known or defined mass in the same gravitational field. Instruments such as the
equal arm balance and force load cell were developed to enable these comparisons.

In Newtonian physics all bodies subject to acceleration a experience a force F that is

proportional to their mass m.

F=ma (2.1)

In the case of comparing the forces on two objects in air, if it can be assumed that they
are made from material of the same density, then the difference in the force due to the

acceleration of local gravity g is proportional to the difference in their masses.

F1 — F2 = (Wll — mz)g (22)

The density p of a body is equal to its mass divided by its volume v.
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p= (2.3)

m
v
If the objects being compared are made from materials of differing density, and hence

have differing volumes, then air buoyancy effects need to be taken into account.

According to Archimedes principle buoyancy is a force that acts in opposition to
gravity and is exerted on all bodies surrounded by a fluid. The buoyant force
experienced by a body is proportional to the density of the fluid, the volume v of fluid
displaced by the body and local gravity.

Fy = pavg (2.4)

Where p, is the air density at the time of the comparison.

This leads to the concept of “weight-in-air” which is frequently used interchangeably

with mass in everyday life when high accuracy is unimportant.

w=F—F, (2.5)
Wy = (M — pav)g (2.6)

For precision mass metrology it is necessary to correct measured weight-in-air for air

buoyancy when comparing bodies of significantly differing volumes.

Throughout history humans have sought to improve mass measurement to meet the
needs of society. Traditionally this has been achieved by implementing improved
definitions based on artefacts with desirable characteristics. For example, artefacts
that meet certain criteria such as universal availability (water), high consistency (carob
seeds), and excellent stability with time (metal alloys) were successful candidates for

achieving improved mass measurement.

2.2 SIKilogram (1899 to 2019)

During the nineteenth century it became clear that a globally agreed system of units
was needed to ensure fair trade between countries and regions. In 1875, seventeen
nations signed the Convention du Metre and founded the BIPM located on the
outskirts of Paris [26].
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2.2.1 Definition

At the first meeting of Conférence Générale des Poids et Mesures (CGPM) in 1889 a
resolution was made to consider the object known as Le Grand K, or the IPK, as the
definition of the unit of mass [27]:

The kilogram is the unit of mass; it is equal to the mass of the international

prototype of the kilogram.

(B) Schematic diagram. The IPK

(A) The IPK inside its three storage is a cylinder of platinum iridium al-
containers [28]. Image licensed by loy (PtIr, 90:10) with a diameter of
BIPM under CC BY 4.0. 39 mm and height of 39 mm.

FIGURE 2.1: International Prototype Kilogram (IPK).

At the same time, 40 “national prototype” kilograms were sanctioned by the CGPM
with the requirement that each copy should be as identical as possible to the IPK in
terms of dimensions, material composition, and mass. At the time of manufacture, a
mass within a few micrograms of the IPK was achievable for each copy. The national
prototypes were allocated at random to the Member States of the Metre Convention
and to the BIPM. This served two purposes, firstly to provide accessibility to the unit
of mass on a global scale and secondly to prevent unnecessary wear, contamination, or
damage to the IPK.

Since 1889, the national prototypes have returned to the BIPM on three occasions to
be verified against the IPK directly. These measurement campaigns have shown that
the masses of the national prototypes appear to be diverging from that of the IPK and
each other. In the first verification (1946 to 1953) the standard deviation of the mass
differences was found to be 25.8 g and in the second verification (1989 to 1992) the
standard deviation had increased to 153.1 g. These results are shown in figure 2.2.


https://creativecommons.org/licenses/by/4.0/
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The majority of the national prototype kilograms appeared to be gaining mass relative
to the IPK. However it was not possible to draw firm conclusions due the inherent
problem of artefact based definitions, specifically the mass of the IPK itself could not

be verified against an independent standard that was known to be stable.

The IPK could have been losing mass with respect to the national prototypes through
a process of degradation (corrosion due to environmental conditions) or the national
prototypes could have been gaining mass through contamination during use or
storage. The mostly likely scenario was that a combination of processes, both
degradation and contamination, were happening at different rates to all the artefacts
simultaneously. However it was impossible to determine the exact causes of the
observed effect. This conundrum coupled with the size of the drift in masses of the
national prototypes (153 ug standard deviation in 1989, approximately 30 times larger
than the typical assigned uncertainty at the time of 5 pg) highlighted the need for a
new definition that guaranteed accuracy and stability over thousands of years.

2.2.2 Sub-division

When using an artefact based definition, the most accurate measurements of that
quantity can only be made at the same nominal value as the artefact that forms the



2.2. SIKilogram (1899 to 2019) 17

definition. To make measurements at other scales a method of assigning values to
objects at those scales is required. In the field of mass metrology, mass transfer
standards (known as “weights”) are used to calibrate mass measurement devices at a

range of points on the scale.

The state of the art method by which all weights are calibrated with direct tracability
to the kilogram is known as sub-division. A typical weight set contains nominal
values in decades. There are six decades between 1kg and 1 mg each comprising of
four weights (nominal values 5, 2, 2 repeat, and 1). It is necessary to include a check
weight at each decade and two 1kg standards of known traceable value called “head
weights”. In total more than 110 comparisons of up to 38 weights are required to

calibrate a 1 mg weight.
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FIGURE 2.3: Diagram partially showing the comparisons required for sub-division of the kilogram. Repeat weights in each decade are denoted by
an asterisk. Check weights are denoted by (c).
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FIGURE 2.4: Relative uncertainty (k=2) of mass measurement below 1lkg at NPL
[30][31].

Figure 2.4 shows that sub-division introduces additional relative uncertainty at each
step down the mass scale. NPL’s best Calibration and Measurement Capabilities
(CMCs) were peer-reviewed and approved under the International Committee for
Weights and Measures (CIPM) Mutual Recognition Arrangement (MRA) framework.
CMC:s are the lowest achievable uncertainties for mass measurements by NMlIs.
NPL’s capability for the calibration of E1 class weights is accredited to International
Organization for Standardization (ISO) 17025 for Testing and Calibration Laboratories
by the United Kingdom Accreditation Service (UKAS). Both of these capabilities are
limited to objects of known properties, specifically mass standards complying to the
OIML document R111-1 on the classification of weights [17].

Sub-division methodology is very labour and resource intensive. It requires up to
three high quality mass comparators, several mass standard sets, and a skilled
operator to achieve the lowest uncertainties. The purchase and maintenance of the
required equipment is very costly particularly if you are only interested in smaller

mass scales.

2.2.3 Dissemination

Outside of an NMI laboratory traceable mass measurements are made in direct
comparison to calibrated weights or by using a balance that has itself been calibrated
by weights of known value. This is relatively straight forward at moderate mass scales
(1g to 5kg) as weights are typically made from stainless steel (density of 8000 kg/m?)

which means their volume is such that it is convenient for manipulation by a user.
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When working at small mass scales (<1 g) there are a few factors to be taken into

consideration.

The majority of sub gram weights are difficult to handle. Small tweezers with soft
ends and an operator with a steady hand are required to move them in and out of
storage containers or on and off a balance. This is particularly challenging for micro
gram weights that are prone to moving in drafts and are difficult to grip gently with
tweezers [32]. Therefore these mass standards are not convenient for use anywhere

other than stable laboratory environments.

It is difficult to manufacture microgram weights of conventional nominal values, for
example 50 ug, 20 ug, and 10 pg. Typically, sub-gram weights are made from thin
aluminum wire bent into simple shapes convenient for handling and identification.
Adjusting the mass of these standards is a task that requires skill, caution, and
patience as it is very easy to remove more material than intended. Large deviations
from the nominal mass value increases the uncertainty of measurement as balance

linearity has to be taken into account.

The calibrated value of milligram and microgram mass standards tends to be unstable
over time. This is due to the handing issues highlighted above causing damage and
also contamination from dust and dirt. Cleaning these mass standards is not
recommended as brushing or air cleaning could lead to damage or even loss [32] [33].

Taking the above factors into consideration and the high relative uncertainty
accumulated during the sub-division process it is not possible to traceably calibrate
standards below 50 ug using this method.

2.3 SIKilogram (2019 to Present)

2.3.1 Definition

The 26" meeting of the CGPM held in November 2018 resolved to adopt a new
definition of the SI kilogram based on a fixed value of the Planck constant / and on
the existing definitions of the metre and the second [34]. This change was a
monumental shift from the traditional paradigm of mass metrology. For the first time
in history SI traceable mass measurements are no longer reliant on the properties of a

physical artefact.

The kilogram, symbol kg, is the SI unit of mass. It is defined by taking the
fixed numerical value of the Planck constant & to be 6.626 070 15 x 1074
when expressed in the unit ] s, which is equal to kg m? s™!, where the metre

and the second are defined in terms of ¢ and Avc;.
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Where c is the speed of light in a vacuum and Avc; is the unperturbed ground-state
hyperfine transition frequency of the caesium-133 atom. This definition is extremely
powerful as it allows NMIs and other laboratories to realise the unit of mass
independently. It also guarantees the stability of the unit over time as the fundamental

constants underpinning the definition have fixed values.

Another important principle of the updated definition is that it allows for directly
traceable mass measurement at any point on the mass scale, not just at 1 kilogram as
was the case with the IPK definition. Any experiment or instrument that makes use of
the fundamental constants included in the definition (h, ¢, Avcs) can be used to realise
mass. The scale at which this occurs is not prescribed or implied. This provides a new
opportunity for traceable measurement of mass at small scales. The previous limit at
around 50 ug was caused by the practicalities of producing, calibrating, using, and
maintaining microgram transferable mass standards. If mass can be realised directly
at the scale required then sub-division will not form part of the traceability chain and

hence the effect of relative uncertainty inflation due to this process will not occur.

There are currently two routes to realising mass from the new SI definition at the 1 kg
level with high accuracy: a Kibble Balance and X-Ray Crystal Density (XRCD) of a
single-crystal silicon 28 sphere.

2.3.2 X-Ray Crystal Density Method

The XRCD method requires an artefact with specific properties in order to realise
mass, typically a sphere of exceptional roundness and low surface roughness
manufactured from high purity single-crystal silicon 28 is used.

Mgpp =1 m(?8Si) (2.7)

The basic principle is that the mass of a sphere ), can be determined by counting
the number of silicon 28 atoms 1 inside volume v, and multiplying by the atomic
mass m(?Si).

8v h
n= a;” (2.8)
Si

where ag; is the lattice spacing between silicon 28 atoms.
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Rooh A, (%Si)

m(*8Si) = 25 A

(2.9)

where R, is the Rydberg constant, « is the fine-structure constant, / is the Planck
constant, c is speed of light in vacuum, and A, (288i) and A, (e™) are the relative atomic

masses of silicon 28 and an electron respectively.

This method assumes that the volume of the sphere and the lattice spacing can both be
measured very accurately and that the silicon crystal only contains the isotope silicon
28 arranged in a perfect diamond cubic lattice. In reality these conditions are not
achievable and several corrections need to be applied. Silicon is highly reactive with
oxygen and a silicon dioxide layer forms on the surface of the sphere. The mass of the
surface layers can be determined by measuring their thickness and making some
assumptions about the arrangement of the silicon dioxide molecules and the isotopes
of oxygen present. The surface layer thickness is also used to adjust the measured
diameter of the sphere to obtain the volume of the core of the sphere. The
single-crystal lattice structure may not be perfectly populated and therefore have
some “holes” where there are missing atoms. An assumed mass of missing silicon
atoms is subtracted to account for this. The sphere is unlikely to contain only silicon
28 isotopes and therefore a correction needs to be made for the purity of the material.
The average relative atomic mass is calculated and multiplied by the number of silicon
atoms in the core of the sphere.

The XRCD method can only be applied to artefacts that meet strict criteria in terms of
material properties and dimensions and therefore it can only be used to create
primary artefacts against which other masses and objects need to be compared in
order to determine their mass. This creates a barrier to fulfilling one of the aims of this
work, specifically the capability to directly measure the mass of quantities of interest
with traceability at the point of use. As the majority of mass measurements carried out
worldwide concern objects or materials that do not meet the criteria for the XRCD
method it was not considered further in this work.

2.3.3 Kibble Balance Principle

The primary principle of the Kibble balance technique is that it consists of two parts, a
force comparison known as the “weighing phase” and an instrument characterisation

known as the “moving phase” [7].

The models for two implementations will be detailed in this section, i) electromagnetic
and ii) electrostatic approach.
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Electromagnetic Approach

a) Weighing phase, mass on, b) Moving phase, mass off,

constant coil position coil velocity # 0
Fup
I ——\/
2 5 i Be%i* Ju
Fdown . mg

FIGURE 2.5: Schematic line diagram of the Kibble Balance Principle. a) Weighing
phase: The mass under test (black sphere) is supported by a current carrying coil of
wire (red lines) in a radial magnetic field (blue arrows). The coil is restricted to motion
along the z-axis only and is maintained at a constant position during the weighing
phase measurements. b) Moving phase: A voltage is induced in the coil of wire by
moving it through the radial magnetic field along the z-axis at a constant speed u.

Part one, the weighing phase, is a comparison of forces as shown in part a) of figure
2.5. A mechanical force (Fz,y,), specifically local gravity ¢ acting on an object of mass
m, is compared with an electromagnetically generated force (F,). Typically the
electromagnetic force is generated by a coil of length L carrying a current [ in a
magnetic field B [7].

Fiown = mg (2.10)
Fup = BLI (2.11)
mg = BLI (2.12)

m= % (2.13)
8

Part two, the moving phase, is a characterisation step. As shown in part b) of figure
2.5, the coil used to generate the electromagnetic force in part one is driven through
the magnetic field at a known velocity u in order to induce a voltage V. This allows
the product BL to be determined without measuring the magnetic field and the length

of wire in the coil independently by external methods.

V = BLu (2.14)

BL=— (2.15)
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By combining the two parts of the experiment, equation 2.13 and 2.15, the mass of the
object can be determined.

v

m =
gu

(2.16)

The BL product is the most influential characteristic of the Kibble balance device
despite not appearing in the final equation for mass (2.16). The BL is a measure of the
sensitivity of the device. Optimising this quantity is key to optimising measurement
uncertainty as the device geometry and the magnitudes of V, I, and u are directly
affected by it.

Traceability to SI

For the measurement of weighing current I and moving voltage V, traceability to the
SI definition of the kilogram is established through quantum electrical standards
(based on the Josephson effect and the quantum Hall effect) and Ohm’s law [8]:

Josephson effect

h
Quantum Hall effect
h
R « 2
Ohm’s law
LY
R

where / is the Planck constant, e is the elementary charge, and R is resistance.

For the measurement of local gravity and speed of the coil during moving, traceability
to the SIkilogram is established through links to the SI units of time and length [34].

Gravity
g« cAvcs

Velocity

Substituting these relations into equation 2.16 it can be shown that the Kibble balance

experiment meets the requirement for direct realisation of SI mass:

h h e
268VCs * 268VCs ﬁz Ave, (2.17)
C

m X

cAves - C
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Electrostatic Approach

The original Kibble principle can be adapted to an electrostatic approach, specifically a
capacitor can be used to generate a force instead of a current carrying coil in a magnet
field [35].

The sensitivity « of the device is given by the gradient of the capacitance in the
z-direction multiplied by the potential difference V between the plates of the capacitor.

dc
K= (2.18)

The electrostatic force between the plates of the capacitor is given by equation 2.19

1
F=2xkV (2.19)

This is the equivalent of the force generated in the weighing phase in the
electromagnetic approach (equation 2.13).

During the moving phase of the experiment a capacitor plate moves with velocity u
and a current [ is induced.

I =xu (2.20)

Equating electrostatic force F to the weight mg of the object under test and combining
the two parts of the experiment, equations 2.19 and 2.20, the electrostatic equivalent of
the electromagnetic Kibble equation can be formed.

11v
m= -— (2.21)
2qu
Comparison of equations 2.21 and 2.16 shows that the only difference between the
approaches is a factor of a half. Traceability to the SI can be established through the
parameters, I, V, g, and u as discussed earlier in this section on page 24.

2.3.4 Dissemination

20th May 2019 marked the start of a phased transition of the realisation and
dissemination of the SI definition of the kilogram from the single artefact basis ( IPK)
to multiple independent realisation experiments linked to the Planck constant (/).
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FIGURE 2.6: Flowchart outlining the phases of dissemination of the SI kilogram post
redefinition in terms of the Planck constant [36].

Figure 2.6 shows the four phases of dissemination approved by the Consultative
Committee for Mass and Related Quantities (CCM) at the BIPM in May 2019. At the
time of writing phase two is in operation and traceability to the SI definition of the
kilogram is taken from a “consensus” value. The consensus value can be considered
an ersatz realisation experiment made up of the most recent three sets of data from
international Key Comparisons. A new Key Comparison (KC) will be carried out
approximately every two years allowing the consensus value to remain sufficiently
current for dissemination purposes and also affords a relatively frequent opportunity
for new realisation experiments to contribute. The three sets of data selected to
calculate the first consensus value were the “Extraordinary Comparison of National
Prototype kilograms with the IPK” in 2014 [37], the “Realisation Experiment Pilot
Comparison” in 2016 [10], and the 2019 “Key Comparison of Realisation Experiments”
(CCM.M-K8.2019) [38].

These data sets were selected to ensure continuity with the pre-2019 IPK definition of
the kilogram and the data analysis has been specified such that there will be no step
changes in the consensus value. This requirement will ensure stability of the
international mass scale until such time as the reliability of and confidence in the
results from individual realisation experiments is sufficient to assume equivalence.
The second consensus value came in to use on 1st March 2023 and was calculated
from the results of the most recent KC of realisation experiments ( CCM.M-K8.2021)
[3], the previous KC in 2019 and the Experimental Pilot Study carried out in 2016.

The date of transition from dissemination phase two to phase three has not yet been
set. Instead there are several strict criteria which need to be met in order to move into
the next phase, both on the individual realisation experiments, the latest KC data set,
and the latest three KC data sets as a whole. Individual realisation experiments must
achieve a maximum relative standard uncertainty of 40 x 10~? on the KC result, be
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consistent with the Key Comparison Reference Value (KCRV), and demonstrate
stability of output results by producing consistent results for two consecutive KCs.
The most recent KC must contain a minimum of five individual realisation
experiments that meet the individual criteria, of those experiments a minimum of
three should have relative standard uncertainties of 20 x 10~ or less, and within the
KC there should be a minimum of two independent routes to realisation, for example
X-Ray Crystal Density (XRCD) and Kibble balance. The difference between the
consensus value for the kilogram (as calculated from the latest three KCs) and the
KCRYV for the most recent KC should be less than 5 x 10~.

The results of the most recent KC ( CCM.M-K8.2021) showed that steady progress is
being made towards the implementation of dissemination phase three. The relative
standard uncertainties of four realisation experiments were comfortably within
40x107? (NRC, PTB, NMIJ, NIST) and a further two realisation experiments
achieved results just outside of this target ( NIM, BIPM). Of the experiments that met
the first individual criteria, two ( NRC, PTB) were also comfortably lower than
20x107Y. X-Ray Crystal Density (XRCD) and Kibble balance routes to realisation
were included. The difference in the KCRV between 2019 and 2021 was +3.6 ug which
is an indication of stability of the cohort of realisation experiments in recent years.
However the weighted mean of the results was observed to change by -31 g between
the 2016 pilot comparison and the 2019 KC. Further KC studies are required to
determine the longer term stability of realisation experiments and ensure that all of the
transition criteria are met robustly before proceeding to dissemination phase three [3].

2.4 Mass Realisation Experiments

2.4.1 Primary Kibble Balances

TABLE 2.1: Summary of three state-of-the-art primary Kibble balance experiments that
contributed to the 2021 KC of SI kilogram realisation experiments [3][9][39][40].

. Uncertainty Mass Range . Guidance Measurement
Experiment at1kg Operation . .
(kg) mechanism coil
k=1(ug)

NRC- NPLMKII 114 0.25t01 TMTP Balance beam | Single filar

NIST-4 27.4 0.50 to 2 TMTP Balance Single filar

wheel
BIPM 411 1 SMTP Gimbals and Bi-filar
flexures

Table 2.1 contains details of the top three Kibble balance experiments that took part in
the 2021 KC of primary mass realisations ( CCM.M-K8.2021) and contributed to the

latest consensus value of the SI kilogram [3]. These Kibble balance implementations
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operate in the mass range 500 g to 2 kg and are based on the electromagnetic Kibble
principle. The NIST-4 and NRC- NPLMKII experiments are both capable of realising
mass at more than one nominal mass value. This is beneficial for the dissemination of
the mass unit, verification and linearity checks, and direct comparison between Kibble

balance experiments.

The NRC- NPLMKII [9] and NIST-4 [39] experiments operate on a Two Mode Two
Phase (TMTP) basis, specifically the weighing and moving data collection phases are
carried out with the apparatus in different configurations called “modes”. The
restriction in operation is due to the design of the electrical system and the
implementation requirements for precision measurement. The mechanical subsystem
of the NRC- NPLMKII balance is based on a traditional mass comparator balance
beam with a knife edge pivot point [44]. The measurement coil is suspended from one
arm into the magnetic field. In “weighing mode” a tare mass on the opposite arm is
required to counterbalance the mass of the measurement coil. This reduces the total
electromagnetic force that the coil length, current, and magnetic field combination
(BLI) has to produce to level the balance beam and consequently allows finer control
of the coil position. Symmetrical currents can be generated between the test mass on
and off states of the weighing phase (I,n ~ —I,¢f) by selecting a tare mass that applies
a small additional force equivalent to half the weight of the test mass to the
counterbalance. Operating with symmetrical currents during the weighing phase is
beneficial for minimising changes in magnet temperature, and hence changes in the
magnetic field, due to the constant power carried in the coil (P = I 2R). However
changes in magnetisation due to the reversal of the current still need to be accounted
for [9]. To perform moving phase measurements the balance has to be reconfigured
into “moving mode” by removing the tare mass and test mass from the balance
beams. This removes the weighing current from the coil and allows the induced
voltage to be measured accurately during moving phase. The NIST-4 Kibble balance
guidance mechanism consists of a balance wheel in place of a balance beam. The
balance wheel approach was introduced to ensure a linear motion of the measurement
coil along the z-axis during moving phase which has advantages for accelerating and
decelerating the coil. The wheel sits inside a bespoke monolithic flexure block that
allows translation of up to 0.5 mm in the x — y plane. This adjustment facility allows
the centre of the measurement coil to be accurately aligned with the magnetic centre of
the permanent magnet [45]. In addition, an electrostatic torque compensation system
comprising high voltage electrodes and grounded gold-plated glass plates was fitted

to the measurement coil suspension rods to prevent rotation about the z-axis [46].

The BIPM Kibble balance operates on a Single Mode Two Phase (SMTP) scheme [40].
Its mechanical design was originally based on double and single axis gimbal
mechanisms and flexures in a single stack with an electrical tare system at the top.
There is no reconfiguration required during the operation of this balance therefore it
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(A) NPLMKII prior to transfer to NRC [41]. Image courtesy of NPL.

(B) NIST-4 [42]. Image by J.L. Lee, cour- (c) BIPM Kibble Balance [43]. Image
tesy of NIST. licensed by BIPM under CC BY 4.0.

FIGURE 2.7: Primary Kibble Balances.
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only has one mode. The BIPM Kibble balance design originally intended to use a
superconducting measurement coil. In theory this would have allowed weighing
phase and moving phase data to be collected simultaneously as the weighing current
and the moving voltage could be present at the same time without interference or
cross-coupling of the signals [47][48]. In 2012 Robinson [49] proposed a bifilar coil as a
method of achieving many of the advantages of simultaneous weighing and moving
phases without the disadvantages of a superconducting coil such as the expense of
operation at cryogenic temperatures. This method was trialled and eventually
implemented in the BIPM Kibble balance [50][51]. A new mechanical guidance
system is under development to remove parasitic motion of the measurement coil. A
double-pan beam utilising a voice coil drive system at the centre and a servo
controlled translation stage was proposed [52] and tested in air [53]. The system
successfully reduced the parasitic motion of measurement coil however oscillation of
the counter balance pan was observed. To mitigate this issue the design has been
updated to a single-pan equal arm beam with a fixed dead-weight to counter balance

the measurement coil.

All three Kibble balance experiments require operation under vacuum conditions,
access to a Josephson Junction Array (JJA) primary voltage reference cooled to liquid
helium temperature, and long measurement campaigns or large datasets to achieve
state-of-the-art mass uncertainties for a single object, typically 1,000 measurements,
10,000 measurements, and a two week data block for the NRC- NPLMKII, NIST-4,
and BIPM Kibble balances respectively. These requirements do not align with the
needs of typical end users discussed in chapter 1 in terms of uncertainty, size, cost,

and convenience.

2.4.2 Table-top Kibble Balances

This subsection summarises three state-of-the-art Kibble balance experiments that are
based on the electromagnetic Kibble principle. All three balances are operated in air at
masses of 100 g or less. The intended purpose of these balances is the direct calibration
of OIML R111 classified weights by a “table-top” sized device.

NIST Kibble Balance at the gram level version 1 (KIBB-g1)

NIST’s KIBB-gl was designed to operate in the range 10 g to 1 g [20]. Its
electromagnetic core includes a samarium—cobalt (SmCo) 50.8 mm diameter disk
magnet inside a custom-designed open yoke that houses two 73 mm diameter
measurement coils. Similar to the NIST-4 primary Kibble balance, the KIBB-g1
incorporated a balance wheel as part of its mechanical mechanism. However, in this

case a “dual diameter” balance wheel is used to ensure a more compact footprint
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FIGURE 2.8: NIST KIBB-gl table top balance prototype [54]. Image courtesy of
NIST.

(approximately 30 cm diameter by 57 cm tall). The tare system consists of a separate
coil and magnet in combination with a deadweight eddy damper. A square
cross-section air bearing is used to connect the balance wheel to the mass pan and
measurement coils. A Michelson heterodyne interferometer is used to measure
position and velocity of the measurement coils. Various CotS devices were used to
provide trigger pulses, frequency measurement, and voltage measurement. Two
custom-made brass artefacts of nominal mass 5g and 1g were used as test weights.
Brass was selected due its very low magnetic susceptibility resulting in a negligible
correction due to interaction with stray magnetic field from the open main magnet. A
magnet placed on the bottom of the mass pan to counter act the effect of stray
magnetic field from the main magnet was proposed when measuring objects made
from other materials. KIBB-gl was run according to a SMTP measurement sequence
over a period of 18 hours for each test weight. A non-sealed draft shield was placed
over KIBB-gl for the duration of the measurement. A standard relative uncertainty of
1.8 x 10" was achieved at 5g and 6.3 x 10 at 1 g. These results were consistent with a
traditional mass calibration of the test weights by subdivision to within calculated
uncertainty. These results successfully met the uncertainty requirement of OIML R111
for class E2 weights. It was noted that while KIBB-g1 met its targets in terms of
accuracy, uncertainty, physical size, and in air operation, it did not meet its target cost
of $50,000 or less. This was mainly due to the need to access low uncertainty voltage

references such as a JJA which are very expensive to buy and run.

The main advantage of the KIBB-g1 is the precision and accuracy of the mass
measurements. However the cost and size of the CotS devices that make up the
electronic measurement subsystems and the length of time required to obtain a result

are significant disadvantages. Also, the mechanical design is a complex 3D structure
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comprised of multiple components that do not lend themselves to MEMS

manufacturing methods.

NIST Kibble Balance at the gram level version 2 (KIBB-g2)

Flexure

Mass Pan

Optical : :
Encoder M

FIGURE 2.9: NIST KIBB-g2 table top balance schematic [55]. Image by Sean Kelly,
courtesy of NIST.

The KIBB-g2 was developed by NIST for the United States Army to provide directly
traceable calibration of standard weights at the point of use [56]. The target mass
range was 50 g to 500 mg with a standard relative uncertainty of 30 x 10¢. The end
users also required a more compact, robust, and convenient to use instrument than
KIBB-gl. To achieve these aims the KIBB-g2 mechanism is based on monolithic
symmetrical four-bar linkage and hinged flexure design. Two identical bespoke voice
coil actuator (VCA) manufactured by a commercial company are used for the
electromagnetic measurement and tare systems. These VCAs comprise a single filar
coil on a light weight plastic former around a permanent magnet. A CotS optical
encoder is used for position and velocity measurements instead of an interferometer
resulting space and cost savings. For simplicity the mass pan is connected directly to
the guidance mechanism and measurement coils without a self centering gimbal in
between. The total volume of the mechanical and electromagnetic subsystems of the
instrument is approximately 4,000 cm® (estimated dimensions of 25 cm long by 8 cm
wide by 20 cm tall). CotS devices such as a digital voltmeter, frequency counter, and
computer were needed to complete the system. Analysis of data from KIBB-g1
showed that it could be possible for KIBB-g2 to achieve its target uncertainty of

30 x 10 within a few minutes of data collection rather than over a period of hours.

This would fulfil the end user convenience requirement.

The main advantages of the KIBB-g2 are the compact mechanical components, fit for

purpose measurement uncertainty, and convenient measurement times. The
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monolithic guidance mechanism is a complex 3D design however it may be possible

to adapt it to achieve a similar structure at MEMS scale.

PTB Planck Balance 2 (PB2)
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FIGURE 2.10: PTB PB2 table top balance. (a) Prototype viewed from above. (b)
Schematic section view from long side side. (c) Schematic view from short side. Figure
reproduced from [21]. Licensed by Vasilyan et al. under CC BY 4.0.

The PB2 instrument was developed by Physikalisch-Technische Bundesanstalt (PTB)
in collaboration with Technische Universitadt Ilmenau [21]. The aim was to create an
instrument that operated in the range 100 g to 1 mg with uncertainties commensurate
with OIML class E2 requirements. From the outset the paramount design principle
was that all parts of the system should be modular and comprised of CotS

components where possible. The mechanical guidance and tare subsystem were
provided by a CotS load cell from a traditional electromagnetic force balance. This

design decision resulted in a maximum moving range of approximately 100 ym.
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Several custom coil actuators were trialed for the main measurement magnet and coil
subsystem. The designs included a single filar coil within an air gap of a closed circuit
magnetic field guide with two SmCo permanent magnets. The trial coils had
diameters between 29 mm and 32 mm and a height of 10 mm. They were made from
50 pm diameter wire with between 3,000 and 5,500 turns per coil resulting in a BL
product of approximately 181 Tm. The position and velocity measurement is achieved
using a homodyne differential interferometer with the coil displacement mirror
attached to a platform that is connected to the coils by a frame passing through the
closed magnet. The mass pan design is suitable for OIML shaped weights and could
be adapted for spheres. The total volume of PB2 is approximately 20,500 cm® (47.5 cm
long by 20 cm wide by 21.6c¢m tall) about half the volume of KIBB-gl and five times
the volume of KIBB-g2. PB2 was tested with a set of stainless steel OIML class E1
weights in the mass range 50 g to 1 mg. The balance was operated according to a
SMTP measurement sequence with ABA cycles in both weighing and moving phases.
During moving phase the measurement coil was oscillated according to a sinusoidal
signal generating an induced AC voltage. The maximum displacement was 40 ym
and frequencies between 0.5Hz and 10 Hz were trialled. A correction was applied for
the difference in BL product between the static position in weighing phase and the
measured BL product over the range of motion during moving phase.

It was shown that the statistical standard error of the measurements were consistently
lower than the maximum permissible error (MPE) for OIML class E1 weights for all
test masses except at 10 mg. However, the systematic deviation of the measured result
from the nominal value of the test mass was higher than the MPE for OIML class E1
weights for all test masses except at at 2 g and 50 g. However, the systematic deviation
was consistently lower than the MPE for OIML class E2 weights except at 100 mg and
below. Further work was proposed to investigate and reduce these discrepancies
including a focus on weighing phase data collection and improvement of the Abbe
error induced by the indirect measurement of the coil position.

The short range of motion (<100 ym) of the measurement coil excluded the possibility
of DC voltage measurements due to the inherent time constraints. The measurement
of the fundamental mode of the AC voltage over the range of motion was used to
calculate the average BL product over that distance. It was acknowledged that any
non-linearity in the magnetic field would create a bias in the calculation of BL. Further
investigation of the AC induced voltage signal produced by PB2 in moving phase
showed that the higher order harmonics could be used to estimate a correction [57]. It
was found that this correction was suitable for the calibration of OIML class E2
weights. This is important knowledge for the miniaturisation of Kibble balance
technology to MEMS scales.
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2.4.3 Electrostatic Kibble Balances

This subsection summarises four state-of-the-art mass and force experiments that
operate at 10 mg and below. They are all based on the electrostatic force principles and
are traceable to the SI without a standard mass artefact. These balances are typically
used for calibration of standard mass artefacts and force sensors such as cantilever
probes for AFM [23] [24].

NIST Electostatic Force Balance (EFB)

FIGURE 2.11: NIST Electrostatic Force Balance side view [58]. Image by J.L. Lee,
courtesy of NIST.

NIST’s EFB is comprised of a cylindrical capacitor with a 4-bar linkage guidance
mechanism, interferometer length measurement and operates in a vacuum chamber
[18]. It has a very low a measurement range of 10 pN to 0.3 mN and is capable of one
part-per-million (ppm) relative uncertainty. These capabilities are currently unrivaled.
The main additional benefit of this system is its self-contained SI traceability through
the ability to calibrate subsystems or measurands such as the interferometer,
capacitance, and voltage directly to SI units.

The main disadvantages of this balance, in terms of the aims of this work, are its three
dimensional (3-D) capacitor design and practicality of operation. The 3-D capacitor
does not lend itself to MEMS design and manufacture which favours two
dimensional structures such as parallel plates or comb structures. Operating a balance
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under vacuum conditions adds extra complexity and cost. Additional uncertainty
from the vacuume-air transfer of standard weights will need to be added and the
practicalities of artefact handling in a sealed system will need to be considered.

NPL Low Force Balance (LFB)

FIGURE 2.12: NPL Low Force Balance side view. Reproduced from [59], © Crown
copyright 2008, National Physical Laboratory.

NPL’s LFB operated in air and consisted of a 4-electrode capacitor with moving
dielectric material connected to a monolithic 4-bar flexure guidance mechanism [59].
Similar to the NIST EFB it used an interferometer for length measurement. It
operated at low forces from 10nN to 10 #N and also benefited from self-contained SI
traceability for its interferometer, and capacitance and voltage measurands. A
differentiating feature of this system is that it was capable of bi-directional force
measurement. This could be a powerful advantage for reducing measurement
uncertainty and/or adapting the system to different applications.

Industrial Technology Research Institute (ITRI) Capacitor Balance

The core of ITRI's instrument is a 3-electrode parallel plate capacitor with monolithic
flexure guidance mechanism as shown in figure 2.13 [60]. It can measure mass over a
narrow range between 1 mg and 10 mg with a relative uncertainty of 100 ppm while
operating in air. The performance and operation of this balance partially meet the

requirements of this work in terms of mass range, relative uncertainty, and the ability
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FIGURE 2.13: ITRI Capacitor balance schematic side view [60]. © IOP Publishing.
Reproduced with permission. All rights reserved.

to operate in air with potential for scaling to smaller masses. Its parallel plate
capacitor core in particular lends itself to scaling to MEMS. The main drawback of
this system is that it requires periodic calibration using external equipment such as an

interferometer which adds increased maintenance cost and effort.

National Institute of Metrology (NIM) Capacitor Balance

NIM’s Capacitor Balance is a differential measurement system consisting of a
cylindrical capacitor with a monolithic flexure guidance mechanism [61]. The balance
was optimised for use at 1 mg and had a reported uncertainty of approximately 4 %. A
few mechanical configurations were trialled prior to this version. In an attempt to
reduce measurement signal noise an air damper system was implemented [62]. To
increase the mass range of the balance a lever system was used [63]. The differential
system proved successful at reducing measurement drift with time. The performance
and operation of this balance partially meet the requirements of this work in terms of
mass range and the ability to operate in air. However, the achieved relative
uncertainty is significantly higher than the target for this work and the 3-D capacitor
design of the device does not lend itself to scaling to MEMS.
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FIGURE 2.14: NIM Capacitor balance. Figures reproduced from [61]. Licensed by
Peiyuan Sun et al. under CC BY 4.0.
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2.5 Artefact Based Traceability

2.5.1 State-of-the-Art Low Scale

Several NMIs and research groups have developed state-of-the-art low scale mass
and force experiments which take their traceability to the SI from calibrated standard
mass artefacts. This subsection summarises four experiments. The majority are based

on force transducer technology and one on electrostatic force principles.

Adapted Commercial Microbalance

Korea Research Institute of Standards and Science (KRISS), Tianjin University, and
Centre for Metrology (MIKES) have all developed facilities for the measurement and
calibration of small forces. These are primarily for applications such as AFM and
material indenter cantilever calibration. All three groups have utilised the core of a
commercially a available microbalance, specifically the load cell, as the key sensing
element of their facility. Load cells convert a force into an electrical signal which can
be characterised and calibrated using standard mass artefacts. These instruments can
measure masses up to a few grams (2.1 g at Tianjin University and 6.1 g at MIKES)
with a resolution of 0.1 ng [64][63][65].

There are two main advantages to this approach. Firstly, it relies on a widely used
existing technology which has reliability that has been proven over many decades.
Secondly, it can operate and produce high resolution measurements in air. This
significantly simplifies measurement methodologies and reduces the amount of
support equipment required. The main disadvantage of this approach is that absolute
measurement performance is limited by the availability, traceability, and uncertainty

of standard weights below 1 mg.

Pendulum in an Electrostatic Field

PTB have developed a facility for very small forces that act perpendicular to gravity.
It is based on pendulum principles and consists of a single crystal silicon bob in an
electrostatic field. This system is capable of measuring forces that are less than a
micro-Newton with a resolution of one pico-Newton. Traceability to the SI force is
achieved indirectly through the mass of the pendulum bob (acceleration due to
gravity, pendulum length and period). This facility has both the lowest operating
range and the highest resolution in the literature. However its biggest drawback for
mass measurement is that it can only measure forces that are perpendicular to gravity
[66].



40 Chapter 2. Background

2.5.2 Competing Technologies

This subsection summarises and evaluates five types of commercially available
precision low scale mass measurement devices based on alternative physical
principles, piezo-electric resonators, oscillating glass tubes, strain gauges, and quartz
fibre torsion. All devices require calibration with a standard mass artefact to gain
traceability to the SI. Notably it is not possible to achieve this for Quartz Crystal
Microbalance (QCM), Quartz Crystal Microbalance with Energy Dissipation
(QCM-D), or Tapered Element Oscillating Microbalance (TEOM) based devices as
standard artefacts small enough are not commercially available or included in the

international standard for weight calibration requirements [17].

Quartz Crystal Microbalances

There are two types of Quartz Crystal Microbalance QCM and QCM-D. Both of these
are based on Piezo-electric resonators which behave according to the Sauerbrey
equation (2.22).

Am = —CpAf (2.22)

Where Am is change in mass per unit area, Cy is the Sauerbrey sensitivity factor and
Af is frequency change [67].

The QCM-D instruments also include a change in energy dissipation measurement.

D— l Ediss

= a5 2.23
Q 27TEstored ( )

Where D is the change in energy dissipation, Q is the quality factor of the resonator,
Eiss is the energy dissipated, and Eg;,,., is the energy stored by the system.

QCM instruments typically operate in the range 10 ug to 100 ug with a resolution of
up to 1ng/cm?. They were developed for use in applications such as molecular
interaction, film growth, oxidation, and corrosion (in vacuum and gas phase)
monitoring. QCM-D instruments have similar specifications and are used to measure
the properties of films such as viscosity, elasticity and density, and also observe the
kinetics of molecular interactions (in liquid phase). All of these applications require

the measurement of sub-microgram mass changes in real-time.
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Tapered Element Oscillating Microbalance

The sensing element of a TEOM consists of an oscillating hollow glass tube with a
filter on the moving end.

p=-L (2.24)

Where p is density, ‘fi—T is change in mass with time, and ‘é—zt’ is change in volume with

time.

TEOM instruments were developed for air quality monitoring purposes and are used
to detect aerosol and dust particles in real-time. They typically have a resolution of
0.1ug/m?> and an accuracy of +0.75% [68].

Load-cell Microbalance

Commercially available microbalances are used in many analytical laboratories world
wide. They cover the mass range from approximately 300 ng to 10.1 g. Microbalances
are based on a load cell with strain gauges and translate a force into an electrical
signal. Typical repeatability is between 0.15ug and 0.4ug [69].

The main benefit of a microbalance is that it can be calibrated using mass standards
traceable to the SI kilogram over the majority of its measurement range. The main
disadvantages are that mass standards at the very low ranges either do not exist or
have high relative uncertainty (due to subdivision of the kilogram as discussed in
Subsection 2.2.3) and dynamic (or real-time) measurement is not possible as load cells

require time to settle in order to achieve repeatable measurements.

Af < AR « AV « AL (2.25)

Where f is frequency, R is resistance, V' is voltage and L is length.

Quartz Fibre Torsion Microbalance

This instrument is based on a traditional twin pan comparator and uses quartz fibre
torsion difference measurement to achieve high sensitivity to small differences in
mass. It operates on masses up to 1 g with a resolution of 0.1 ug. It is possible to
calibrate this balance with traceability to the SI kilogram as far as standard mass

artefacts allow. The main disadvantages are that a standard mass artefact is required
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as a counterbalance, it requires optical alignment by the user, and it is not capable of

dynamic (or real-time) measurement [70].

2.6 Electromagnetic MEMS Devices

MEMS devices that perform force measurement or generate forces contain many
components in common with a Kibble balance. This makes them ideal candidates to
inspire the design of a future MEMS Kibble balance. A selection of MEMS devices are
presented and their design features evaluated for this purpose.

Magnetometer

In 2017 Punyabrahma and Jaynth developed a magnetometer for estimating the

magnetic moment of magnetic micro-particles [71].
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FIGURE 2.15: MEMS magnetometer schematic. Reprinted from [71], with the permis-
sion of AIP Publishing.

The design, shown in figure 2.15, has several advantages that could be used to
influence the design of an electromagnetic MEMS Kibble balance. It is suitable for
very small force detection, uses planar coils to create a solenoid based magnetic field,
and includes a traceable position measurement system (laser inteferometer). The main
disadvantage of this device is its high relative uncertainty. The measured magnetic
moments of particles only agreed to within 16% of theoretical values.
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Energy Harvester

In 2009 Wang et al. created a micro-electro-magnetic low level vibration energy
harvester for the purpose of converting ambient vibrations into electrical power
(figure 2.16a). This device consists of many components found in a typical
electromagnetic Kibble balance and has a planar structure which is suited to MEMS
device design.
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(A) Schematic structure
of a low-level vibration
energy harvester [72]. (B) Structure of a magnetically tuneable MEMS non-
Reproduced with per- linear vibration energy harvester comprising of sili-
mission from Springer con spring, NdFeB magnets and planar micro-coil [73]
Nature. ©2017 IEEE.

FIGURE 2.16: Two examples of MEMS energy harvesters.

In 2017 Podder et al. developed a method for magnetically tuning a MEMS vibration
energy harvester (figure 2.16b). In addition to the planar coil and silicon spring
flexure, the main design feature of interest is the second (or tuning) magnet that can be
adjusted to change the stiffness of the flexure system. This would be an advantage for
a MEMS Kibble balance as it would allow the mass or force sensitivity of the device to
be optimised. However it may also be a disadvantage due to the placement of tuning
magnet directly above the main magnet. This would create a design challenge as it is

not obvious where to place the mass under test.

Alternating Current (AC) Sensor

In 2009 Leland et al. created a self-powered AC sensor for monitoring energy use [74].
As shown in figure 2.17, the AC sensing part consists of a permanent magnet at the
end of a piezoelectric cantilever. The two main features of interest are the creation of
the very small permanent magnet (~150ym square by ~100 ym tall, ~0.4T) and the
potential use of the piezoelectric cantilever for displacement measurement.

The permanent magnet was made from a neodymium alloy. It was printed into
position on the cantilever and was magnetised post production. Use of the

piezoelectric cantilever for displacement measurement would be very convenient as it
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FIGURE 2.17: Side-view schematic of a self-powered MEMS AC current sensor (not
to scale) [74] © IOP Publishing. Reproduced with permission. All rights reserved.

would contain the measurement in the spring system. This would remove the need
for a separate displacement measurement method such as an interferometer and
hence simplifies the design and reduces the number of components in the device.

Passive Wireless Sensor

In 2015 Kisic et al. developed a passive sensor to measure normal forces from
commercially available components [75]. Figure 2.18 shows a cross section of the
device and its operational principal.
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FIGURE 2.18: Passive wireless force sensor (a) without external force (b) with applied
normal force [75] ©2015 IEEE.

The planar coil and magnet are an advantage for MEMS manufacture and the
orientation of the force sensing components are compatible with mass measurement,
specifically they are aligned in the z-axis. Another benefit is that the device is
comprised of commercially available components. This reduces the cost of
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construction and increases the reliability /robustness of the device. The main
disadvantages of this design is that it not a directly traceable measurement of force,
the forces detected are large (tens of Newtons) in comparison to the target range for a
micro-Kibble balance (<100 mN) and it has a poor resolution.

Haptic Feedback System

In 2020 Berkelman and Abdul-Ghani created an electromagnetic position sensor and
force feedback system [76]. This device consisted of two sets of overlapping flat
rectangular coils rotated at 90° to each other and separated by a plate. These coils
were used to generate Lorentz forces in any direction on an interaction magnet held

above the surface of the device.
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tion.

FIGURE 2.19: Electromagnetic haptic feedback system [76] ©2020 IEEE.

The main advantages of this design are the planar coils suitability for MEMS
manufacture and the orientation of the force sensing is compatible with mass
measurement in the z-axis. Plus there is an option for force measurement in the x-axis
too. The main disadvantages of this sensor are a small force sensing range along the
z-axis and off centre alignment of the magnet with the coil is required. In addition the
device produces excess heat due to continuous current flowing in the coils. This could

cause significant issues for mass measurements due to air currents causing drafts.
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Micro-force generation

In 2020 Zhu et al. published the design for a new micro-force generating instrument
under development at the National Metrology Institute of Japan (NMIJ) [77]. This
instrument applies Kibble balance principles to a rotating device and is capable of
transmitting a generated torque to a linear compression or tension force. As shown in
figure 2.20a, the core of this instrument is a rectangular coil inside a moving magnetic
tield provided by two Neodymium magnets connected to the drive shaft of a motor
under servo control. Figure 2.20b shows how the torque generated on the coil is
transmitted to a balance beam which is resting on an air-bearing. A loading frame is
connected to one end of the balance beam by a very thin hinge. The mass of the of the
loading frame is manually counterbalanced using tare weights positioned in
symmetry at the other end of the beam. Distance r, from the centre of the balance
beam to the loading frame hinge is measured precisely to facilitate calculation of force

from torque. The position and motion of the moving frame is measured using a laser

interferometer.
Servo motor ~ Rotary encoder Aerostatic bearing
Neodymium magnets
Rotation axis
Balancing arm
Coupling Drive shaft Rectangular coil Connecting Shaft

(A) Top view

1
. | " Laser displacement sensor
Balancing arm e (Head)
Round end [
e

Metal band Round end
Metal band

Loading frame

Loading jig

|~

Counterweights

(B) Front view

FIGURE 2.20: Electromagnetic micro-force generating machine transmission mecha-
nism schematics. Figure reproduced from [77]. Licensed by Zhu et al. under CC BY
3.0.

This device operates following the Kibble principles by using two modes (static and
dynamic) and has a planar coil however, in general, it does not have many features
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that are suited to the design of a MEMS Kibble balance. In particular its balance beam
mechanism and air-bearing are not suited to MEMS scaling.

2.7 Summary

In this chapter the concepts, implementations, and practicalities of modern mass
metrology were reviewed. The change in the definition of the SI unit of mass, the
kilogram, from an artefact basis ( IPK) to a fundamental constant of nature (Planck
constant /1) in 2019 marked the start of a new era. The opportunity for mass to be
realised from the definition at any scale and at any location was highlighted and the
rational for pursuit of improved traceable mass measurement at the sub-gram level

was presented.

The theory of the two main routes to realisation, the XRCD method and the Kibble
principle, were introduced. The features of the XRCD approach were examined
against the aims of this work and it was concluded that it could not meet the
requirement of direct traceability at the point of use by a “typical” end user. By
contrast a device based on either the electromagnetic or the electrostatic Kibble
principle has the potential to achieve traceable mass measurement for any object at the
point of use. In addition, Kibble balance devices are suited to “remote” calibration and
dynamic measurement. These capabilities are inherent to the implementation of the
Kibble principle and beneficial for many applications. For example, in hazardous
environments where it is unsafe for a user to enter, or weights cannot be removed for
re-calibration due to radioactive or other hazardous contamination, it would be
preferable to have a device that could maintain traceability without user intervention
or transfer of standard artefacts. On production lines, manufactured products are
often produced at a faster rate than would allow for real-time measurement by an
“inline” electronic load-cell balance. Typically the response and stabilisation time of
this type of balance is a few seconds. A device based on the Kibble principle should be
able to achieve high accuracy dynamic measurement of mass by analysing the time
varying signal from the device and inferring the mass of the object in real-time. A
comprehensive literature review of state-of-the-art Kibble balance experiments,
indirectly traceable mass measurement devices, commercially-available competing

mass measurement technologies, and electromagnetic MEMS devices was carried out.

The review of state-of-the-art Kibble balances covered mass scales from 1kg to the
sub-milligram range and both electromagnetic and electrostatic principles. It showed
that a lot of progress has been made in scaling this technology. However, to achieve
low measurement uncertainty compromises such as the inclusion of high cost
components ( JJA voltage reference) or the inconvenience of operating under vacuum

conditions were required. Although the measurement range achieved has scaled to
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sub-miligram masses in many cases the total volume of the instrument is significantly
larger than commercially available indirectly traceable alternatives. All of the Kibble
balances existing in the literature required precision engineered bespoke components
for inclusion in subsystems such as the guidance mechanism or force actuator. Many
of the designs and manufacturing techniques do not immediately lend themselves to
further miniaturisation to MEMS scale.

Mass measuring instruments that obtain traceability to the SI definition of the
kilogram through artefacts were also considered in the literature review as the current
state-of-the-art available to “typical” end users. It is clear that these devices have
advantages such as reliability, practicality, and familiarity as they have been
developed over many decades and produced in high numbers for multiple
applications. However these devices fall short in a few areas. For example, at
sub-milligram scales traceable mass measurement is not easily accessible as standard
weights below 1 mg are difficult to obtain and challenging to use. In addition, since
the advent of the new SI definition in 2019, the opportunity to remove standard
artefacts from the traceability chain is now a possibility. This highlights some of the
other disadvantages of artefact based traceability such as the requirement for an
operator to be present with the device for calibration. The Kibble principle by contrast
allows for “remote” calibration.

It is clear that there is a gap in the market for a 3D printed MEMS Kibble sensor
supported by an electronics system with a small footprint. The first step is to create a
proof of concept 3D printed Kibble balance at the gram-level. To achieve this aim
either the electromagnetic or electrostatic principle could be pursued. It is crucial that
any prototype device produced should be capable of being scaled to MEMS.
Therefore it is important to highlight MEMS manufacturing techniques,
opportunities, and challenges of creating devices at this scale from the outset.

A few devices in the literature show that the electrostatic principle is a viable route to
traceable mass and force measurement at low scales. If reliable and accurate
fabrication of capacitors can be achieved at the appropriate size then this technology
has the potential to be tailored to the requirements of the sensing application. For
example, comb-drive actuators are an existing MEMS device that could be adapted to

form the electrostatic core of a micro-Kibble balance.

The majority of Kibble balances in the literature are based on the electromagnetic
principle utilising a permanent magnet and coil at the core. This is a proven route to
miniaturisation as shown by the devices discussed in this chapter that operate at
sensing scales from 1kg to 1 mg. There are several examples in the literature of
MEMS scale devices designed for other purposes, such as energy harvesting or
detection of magnetic fields, that include elements of electromagnetic Kibble balances.

A few examples are included in this chapter as inspiration for the development of an
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electromagnetic MEMS scale Kibble balance. Due to the wealth of existing knowledge
in both Kibble balance development and MEMS device fabrication this thesis will
focus on the electromagnetic principle.
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Chapter 3

Feasibility Study

In this chapter the feasibility of creating a 3D printed Kibble balance proof of concept
was explored. A simple model based on the traditional Kibble Balance principle was
evaluated analytically for masses in the range 10 g to 1 ug. The uncertainty at each
mass range was estimated assuming that the electronic measurement subsystems
were constructed from relatively low cost commercially available components.
Contributions due to mechanical design and secondary effects were not modelled or

estimated.

In a separate study, two options for generation of a magnetic field were simulated in
COMSOL Multiphysics®, an anti-Helmholtz coil and a pair of opposed permanent
magnets. The resultant predicted magnetic fields were evaluated for suitability for
inclusion in a Kibble balance. The output of the opposed permanent magnet model

simulation was verified experimentally in the laboratory.

3.1 Model and Assumptions

A simplified implementation of the Kibble Balance principle consisting of a single coil
of radius 7, in a uniform radial magnetic field B as shown in figure 3.1 was assumed.

Calculations were performed using the following adaptation of equation 2.16:

N A4TAZY
m = RAgH (3.1)

where m is the mass of the object under test, Vjy is voltage measured during weighing
phase, R is the resistor used to convert current to voltage in weighing phase, Vj is the
measured voltage induced during moving phase, A is the gain required to amplify the
induced voltage for measurement, 7y is an alignment factor due to differences in the



52 Chapter 3. Feasibility Study

FIGURE 3.1: Simplified electromagnetic Kibble balance model showing a sensing coil
of radius 7. in a radial magnetic field B from above.

guidance mechanism performance between weighing and moving phase, g is local

gravity, and u is the velocity of the coil in moving phase.

The methods of magnetic field generation, guidance mechanism for moving parts, and
counter balance for the coil mass were not considered in detail at this stage. However

the following assumptions were made to facilitate the feasibility study.

The magnetic field B follows a radial distribution o« 1 with a constant magnitude at
coil radius r, and the variation in magnetic field along the z-axis at coil radius 7 is
uniform. It was also assumed that the magnetic field was generated by circular

components with axial symmetry about the z-axis.

It was assumed that the sensing coil was constructed from copper wire of diameter d
and that the mass of the coil was directly proportional to the mass of the object to be
weighed, by factor f.

The device parameters included in table 3.1 were assumed and allowed to vary over
the values stated. Constant values for copper density, copper resistivity, and local
gravity were also assumed as detailed in table 3.2. Equations 2.13, 2.15, and 2.16 were
manipulated, as shown in table 3.3, to calculate the magnitudes of device and

measurement parameters.
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TABLE 3.1: Variable parameter upper and lower bounds for the electromagnetic ana-
lytical feasibility study.

Symbol | Description Minimum | Maximum | Unit

m Mass of the object to be measured 0.001 10,000 mg
B Magnetic field 0.1 T
B Sensing coil mass scale factor 2 1000 -
Te Sensing coil radius 20 mm
d Wire diameter 254 50.8 pm
R Current conversion resistor 1.00E+04 | 1.00E+07 Q)
u Velocity of the sensing coil 0.1 10 mm/s
A Amplifier gain 100 1000 -

Ninax Maximum displacement of the sensing coil 1 mm
TABLE 3.2: Constant values for the electromagnetic analytical feasibility study.
Symbol | Description Value Unit
OCu Copper density 8960 kg/m3
"Icu Copper resistivity 1.68E-08 Om

g Local gravity 9.81 m/s?

TABLE 3.3: Calculated parameters for the electromagnetic analytical feasibility study.
Symbol | Description Equation Unit
M Mass of sensing coil mpB mg

n Number of turns in sensing coil 2me /repcu(md)? -

L Length of sensing coil 2nmr. m
BL Device characteristic BL Tm
R, Sensing coil resistance 4nc,L/ d? Q
Iy Weighing current mg/BL mA
Vi Weighing voltage IwR \%

P Power dissipated in the sensing coil (weighing 2R, W

phase) w
Vm Moving voltage BLu \4
; Time available to obtain measurements (moving
u/hp S
phase)
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3.2 Predictions and Results

TABLE 3.4: Summary of the assumed and calculated parameters for an idealised
model of electromagnetic Kibble balance in the range 10 g to 1 ug.

Symbol Unit
Mtarget mg 10000 [ 1000 | 100 [ 10 [ 1 0.1 0.01 0.001
Coil
B - 0.5 2 10 100 1000 1000 1000 1000
me mg 5000 2000 1000 1000 1000 100 10 1
d um 50.8 50.8 50.8 50.8 50.8 25.4 25.4 25.4
n - 2191 876 438 438 438 175 18 2
L m 275 110 55 55 55 22 2.2 0.2
Te mm 20 20 20 20 20 20 20 20
R, Q 2282 913 456 456 456 730 73 7.3
Magnetic field
B T 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
BL Tm 275 11.0 5.5 5.5 5.5 2.2 0.22 0.02
Weighing
Iy mA 3.6 0.9 0.2 0.02 2E-03 4E-04 4E-04 4E-04
R Q 1E+03 | 1E+04 | 1E+04 | 1E+05 | 1E+06 | 1E+07 | 1E+07 | 1E+07
Vi \4 3.6 8.9 1.8 1.8 1.8 4.5 45 4.5
p mW 29 1 1E-02 1E-04 1E-06 1E-07 1E-08 1E-09
Moving

u mm/s 0.1 0.2 0.2 0.2 0.2 0.5 5 10
A - 1000 1000 1000 1000 1000 1000 1000 1000
Vm \ 2.8 2.2 1.1 1.1 1.1 1.1 1.1 0.2
hum mm 1 1 1 1 1 1 1 1
t s 10 5 5 5 5 2 0.2 0.1

Uncertainty (k = 1)
T kg 9E-07 9E-08 1E-08 1E-09 1E-10 1E-11 1E-12 4E-13
T ppm 86 86 113 113 113 107 121 373

Target uncertainty (k = 1)

target ppm 2500 2500 2500 40 400 4000 5000 5000

Ao % -97% -97% -95% 183% -72% -97% -98% -93%

The values of the variable and derived parameters of a simplified and idealised model
of an electromagnetic Kibble balance including an estimate of the mass measurement

uncertainty at each order of magnitude in the range 10 g to 1 ug are shown in table 3.4.

The values of the variable parameters were selected for each object mass Miarget @S
follows. The sensing coil mass factor f was set such that it did not exceed 1000 and the
mass of the coil m. did not exceed 5 g. This was implemented in anticipation of
designing a guidance mechanism in the next phase of this work. The aim was to
reduce the impact of the sensitivity of the coil counter-balance mechanism on the total
measurement uncertainty, specifically the larger the relative added mass of the object
to be weighed, the higher the tolerance on the sensitivity requirement. The coil mass
m. and coil radius 7, of 20 mm were set to constrain the total size of the device to a
footprint comparable with existing commercial micro-balances [69]. The diameter of
the sensing wire d was chosen based on the coil mass. For m. > 1¢g a wire diameter of
50.8 yum was chosen to ensure a robust coil with a high number of turns. For m. <1g,
the wire diameter was halved to 25.4 ym to ensure a minimum number of turns >1.
The magnitude of the magnetic field B was assumed to be 0.1 T at the coil radius ..
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FIGURE 3.2: Comparison of uncertainty (at k=1) predicted by the feasibility study with
OIML class E1 weights [17], and target uncertainties for a future MEMS Kibble balance
and a 3D printed prototype.

Two options for generating a magnetic field were explored and the details reported in
section 3.4. The maximum displacement /,,,,x was set to 1 mm to ensure that the
magnetic field uniformity assumption was met throughout the operation of the
device. The value of resistor R was selected such that the weighing voltage Viy would
be in the range 1V to 10V allowing a typical commercially available =10V 20-bit
ADC to be used for voltage measurement. The sensing coil was assumed to be driven
at a constant speed during the moving phase such that the induced voltage Vi would
be in the range 0.1 mV to 10.0 mV. The amplifier gain A was set to 1000 such that that

the moving voltage Vi would be amplified into the measuring range of the ADC.

As shown in figure 3.2, the predicted total relative uncertainty in the range 10 g to

10 ug was more or less constant at around 100 ppm with a maximum variation of

35 ppm. The total relative uncertainty increased approximately four fold to 373 ppm at
1 ug. Details of the contributions to the uncertainty at 1 g, 1 mg, and 1 ug are included
in tables 3.5, 3.6, and 3.7 respectively. The uncertainty evaluation was carried out in
accordance with the JCGM document ‘Guide to the expression of uncertainty in

measurement’[78].
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TABLE 3.5: Feasibility study uncertainty budget at1g.

Note | Contribution Value Unit (]:J i‘ci) Unit Ratio %
i | Gravity (3) 9.81 m/s* | 49E-04 | m/s? | 5.0E-05 | 34%
ii Phase alignment (7y) 1 - 5.0E-05 - 5.0E-05 34%
iii | Resistor (R) 1E+04 Q 1.8E-01 0 1.8E-05 5%
iv (V‘\ﬁel)ghmg Voltage | g 91 v 7.7E-05 V| 86E06 | 1%

W
iv | Moving Voltage (V) 2.20 \ 7.7E-05 \% 3.5E-05 16%
v Amplification (A) 1000 - 1.4E-02 - 1.4E-05 3%
Vi Distance (hpr) 0.001 m 2.1E-08 m 2.1E-05 6%
vii | Time (t) 5 S 6.0E-05 S 1.2E-05 2%
Total standard uncertainty (k = 1) 8.6E-08 kg
86 ppm

TABLE 3.6: Feasibility study uncertainty budget at 1 mg.

Note | Contribution Value Unit (]:j Eci) Unit Ratio %
i Gravity (g) 9.81 m/s? 4.9E-04 m/s? 5.0E-05 20%
ii Phase alignment (7y) 1 - 5.0E-05 - 5.0E-05 20%
iii Resistor (R) 1E+06 Q 1.8E+01 Q 1.8E-05 3%
iv Xg/elfhmg Voltage | 7 \% 7.7E-05 \% 43E-05 | 14%

w
iv Moving Voltage (V) 1.10 \Y 7.7E-05 \% 7.0E-05 38%
v Amplification (A) 1000 - 1.4E-02 - 1.4E-05 2%
vi Distance (/1) 0.001 m 2.1E-08 m 2.1E-05 3%
vii | Time (t) 5 s 6.0E-05 s 1.2E-05 1%
. B 1.1E-10 kg
Total standard uncertainty (k = 1) 113 ppm

TABLE 3.7: Feasibility study uncertainty budget at 1 ug.

Unc.

Note | Contribution Value Unit *=1) Unit Ratio %
i | Gravity (g) 9.81 m/s* 4.9E-04 m/s* | 5.0E-05 2%
ii Phase alignment (7) 1 - 5.0E-05 - 5.0E-05 2%
iii Resistor (R) 1E+07 Q) 1.8E+02 Q 1.8E-05 0%
iv xelf‘)ghmg Voltage | 4 45 V| 77B05 | V| 17805 | 0%

w
iv Moving Voltage (Vi) 0.22 \Y 7.7E-05 A% 3.5E-04 87%
v Amplification (A) 1000 - 1.4E-02 - 1.4E-05 0%
vi | Distance (hp1) 0.001 m 2.1E-08 m 2.1E-05 0%
vii | Time (t) 0.1 S 1.1E-05 S 1.1E-04 9%
. _ 3.7E-13 kg
Total standard uncertainty (k = 1) 373 ppm
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iii.

iv.

Vi.

Vii.

The local gravity value was 9.81m/ s? [79] with an assumed uncertainty of 50
ppm based on determining local gravity by calculation rather than
measurement. This allows the balance to be used without the prerequisite of a
precise local gravity measurement which is essential to meet the requirement of
a “low cost” device.

Uncertainty due to difference in alignment of the sensing coil and the magnetic
field between weighing and moving phase was assumed to be approximately 50
ppm [35]. This value was selected to take into account the repeatability of

motion of the mechanical system manufactured from 3D printed PLA parts.

Resistor uncertainty was calculated from the root-sum-square (RSS)
combination of calibration, drift and temperature dependence uncertainties
based on a Vishay HZ Series (Z-foil) resistor [80]. Calibration uncertainty was
assumed to be 10 times NPL’s UKAS accreditation [30]. A stability of 2 ppm
(over 6 years unloaded) and temperature coefficient of 0.2 ppm/°C were
specified for the resistor. Since the current applied to the resistor is very low the
long term stability value has been assumed. A working temperature of 20 £ 20°C

has been assumed for uncertainty due to a change in resistor temperature.

Voltage uncertainty was calculated as the RSS of calibration, drift and ADC
resolution. 20 bit £10V Analogue to Digital Converter (ADC) calibrated against
a high precision and stability voltage reference has been assumed. A
conservative estimate of ADC calibration uncertainty of 5 ppm at 10 V based on
NPL’s UKAS accreditation schedule [30]. Long term stability of 10 ppm
assumed based on a Linear Technology voltage reference [81]. ADC resolution
calculated 1%2 =19.07 uV [82].

Amplification of induced voltage during the moving phase was assumed to be
carried out using a matched pair of Vishay HZ Series (Z-foil) resistors [83]. The
calibration, drift and temperature uncertainty contributions were combined

RSS. Calibration uncertainty based on ten times NPL UKAS accreditation
schedule [30]. Matched resistors with a tracking temperature coefficient of 0.5
ppm/°C. A working temperature of 20 & 20°C has been assumed for uncertainty
due to a change in temperature of these resistors.

Displacement uncertainty was based on an optical encoder system [84]
assuming an absolute uncertainty of 20 nm plus a conservative relative
uncertainty of 10 ppm of the displacement [35].

The moving phase measurement time was assumed to be known with an
absolute uncertainty of 10 us plus a conservative relative uncertainty of 10 ppm
[35].
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3.3 Discussion

In the mass range 10 g to 100 ug, the number of turns in the coil n appeared
sufficiently high (>175) to enable the manufacture of a robust coil with relative ease.
Although at 100 ug it was necessary to select a wire of diameter d = 25.4 ym instead of
50 ym which may cause a higher failure rate during manufacture. The high number of
turns in the coil resulted in a BL product of between 2 Tm and 27 Tm which was an
advantage during moving phase. The calculated BL enabled the velocity of the coil u
to be kept relatively low (between 0.1 mm/s and 0.5 mm/s) resulting in between 2 s
and 10s to collect moving phase data. This time scale provides the opportunity to
collect a higher number of data points. The induced voltage Va; >1.1mV was
amplified into the measurement range of the 10V ADC with an assumed amplifier
gain of 1000. This magnitude of amplification is not ideal as it has the potential to
introduce a large source of uncertainty into the measurement. The calculated power P
dissipated in the coil as a result of the weighing current Iy ranged from very low

(29 uW) to negligible (10 pW) therefore self-heating effects are expected to be minimal
at these mass scales.

At 10 ug and below, the coil with a wire diameter of 25.4 yum had fewer than 20 turns.
This could cause significant performance issues in terms of reliability and alignment.
The power P dissipated in the coil as a result of the weighing current Iy was
exceptionally low <1 pW), therefore self-heating effects are expected to be negligible.
As a result of the low number of turns in the coil, the BL product was less than 1. The
velocity of the coil u needed to be higher than 1 mm/s to induce a voltage V) that was
inside the measurement capabilities of the assumed £10V 20bit ADC. This is a
disadvantage as it reduces the amount of time t available to make the measurement to

between 100 ms and 200 ms. This is likely to increase the signal to noise ratio.

Inspection of the 1 mg and 1 g uncertainty budgets (tables 3.6 and 3.7) revealed that
the higher total relative uncertainty at 1 ug was due to a significant decrease in the
measured voltage during the moving phase from 1.1V to 0.22V respectively. The
induced voltage was limited by the BL product, the velocity of the coil 1, and the
displacement distance. At 1 ug the BL product of the device was two orders of
magnitude smaller than at 1 mg. The displacement distance was fixed at a maximum
of 1 mm therefore the coil velocity was increased to compensate for the lower BL
product. 10 mm/s was selected as the maximum velocity of the coil to keep the
minimum time available for data collection feasible, specifically 100 ms resulting in

~ 9% of the total uncertainty.

It is possible to reduce the uncertainty component due to coil velocity u in a number of
ways such as increasing the BL product, increasing displacement /1,4y, or reducing the
uncertainty component due to time measurement. However, all of these options result

in compromises.
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To increase BL product either a stronger magnetic field B or more turns # in the
sensing coil are required. B is limited by magnetic material properties. In general a
larger magnet will be required to increase B and, if coil mass scale factor B is to be
maintained at < 1000 a smaller wire diameter d will need to be used. Increasing the
volume of magnetic material is not compatible with manufacturing a smaller device
and a smaller wire diameter d is likely to result in reliability problems. Increasing the
number of turns n would be an advantage in terms of increasing structural stability
however it would result in a coil mass scale factor  of greater than 1000 which will
have consequences for the required tare mass mechanism sensitivity and guidance

mechanism performance.

Figure 3.2 shows the feasibility study uncertainties plotted against the target
uncertainties for this work and commercially available OIML class E1 weights. As
expected, the results confirm that a “low cost” Kibble balance will not be competitive
in terms of uncertainty for masses greater than 10 mg. However, the results also show
that there is a fair prospect of achieving competitive results with a future 3D printed
MEMS Kibble balance developed for masses of 1 mg and below. The feasibility study
calculations were based on simplified parameters and assumed an idealised model of
the Kibble principles. Factors such as the guidance mechanism and measurement
noise were not included. 3D printed parts are likely to introduce additional
uncertainty due to manufacturing tolerances and unquantified or unpredictable
material properties. It is likely that the uncertainty achieved with a 3D printed
prototype at the gram-level will be higher than predicted by this feasibility study
however these results show that there is a good prospect of achieving the target
uncertainty of between 0.1% and 0.25%.
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3.4 Magnetic Field Generation

The aim of this section was to evaluate options for generation of a magnetic field
suitable for inclusion in a Kibble balance.

The generated magnetic field was required to be radial o  with a magnitude greater
than or equal to 0.1 T at the radius of the sensing coil. It was also required to be

uniform along the z-axis over the range of motion of the sensing coil.

It was imperative that the quantity BL remains constant between weighing and
moving measurement phases for the Kibble principle to apply. If the magnetic field
follows a radial distribution then changes in the radius of the sensing coil during
operation have no impact on the quantity BL. Uniformity along the z-axis is preferred
to reduce measurement uncertainty. A magnitude greater than or equal to 0.1 T has

been selected as a starting point value.

3.4.1 Helmbholtz Coil

g

FIGURE 3.3: A Helmholtz coil of radius ryp aligned to the x axis carrying current I.

A Helmbholtz coil, as shown in figure 3.3, is a device that can be used to generate a
uniform magnetic field. The field generated is a combination of two magnetic fields
produced by identical circular current-carrying coils of wire aligned symmetrically on



3.4. Magnetic Field Generation 61

axis and spaced at a distance equal to the coil radius. In a conventional Helmholtz coil
the current carried in the coils is matched both in magnitude and direction. The
resultant magnetic field along the axis of symmetry can be derived from the

Biot-Savart law and is given by equation 3.2:

3
_ (%) N
B_<5> o (3.2)

Where y is the permeability of free space, N is the number of turns per coil, ¥y is the

radius of the coils and I is the current carried in the coils.

3.4.2 Anti-Helmholtz Coil

The orientation and mathematical form of the magnetic field produced by a
Helmholtz coil can be changed by flowing the current in the coils in opposite
directions. This is called a reverse or anti-Helmholtz coil. In this configuration, the
resultant magnetic field is parallel to the plane of the coils however it is non-trivial to
solve analytically. COMSOL Multi-physics® simulation software was used to gain
knowledge of the magnetic field produced by an anti-Helmholtz coil. Four geometries

have been simulated as detailed in figure 3.4 and table 3.8.

TABLE 3.8: Summary of anti-Helmholtz coil simulation parameters. Four geometries
A-D were simulated with four different currents. The direction of the current in the
coils was in opposition to each other.

Symbol Description Unit A B C D
TAH Coil radius mm 20 30 40 50
H./ran | Ratio - coil profile height to radius - 0.1
W/H. Ratio - coil profil.e width to profile ) 1
height
H, Coil profile height mm 2 3 4 5
W Coil profile width mm 2 3 4 5
A Coil profile area mm? 4 9 16 25
p Coil packing factor - 0.75
N Number of turns in the coil - 350
a Wire area mm? 0.009 0.019 0.034 0.054
d Wire diameter mm 0.104 0.157 0.209 0.261
Iy Current in the coil mA 80, 160, 240, 320
Tsph Sphere of air radius mm 200
Ssph Sphere of air layer thickness mm 50

The parameters were selected based on the following rationale. The coil radius 74y,
coil profile height to radius ratio H./r 4y, and coil profile width to height ratio W/ H,
were chosen to keep the overall device dimensions comparable to existing commercial
micro-balances. The coils were assumed to have been constructed by ‘'wild” winding
and therefore a packing factor p = 0.75 was assigned. The number of turns per coil N
was selected such that the resultant wire diameter would be greater than 100 ym for
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(A) Anti-Helmholtz coil pair centred inside a sphere of air with line segments along the x-axis
and y-axis. The coils were spaced at a distance equal to the coil radius.
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(B) Magnetic field arrows on the x-z plane between the anti-Helmholtz coil pair.

FIGURE 3.4: Anti-Helmholtz coil COMSOL Multiphysics® simulation geometry.

all geometries. The current carried in the coil Iy was chosen to be 80 mA. This value
was approximately the average maximum recommended current for the four
geometries if constructed with wire diameter d as specified in table 3.8. Simulations in
COMSOL Multiphysics® require a boundary condition to be set. A sphere of air of
radius four times the radius of the largest coil was selected as the boundary condition
for all geometries.
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FIGURE 3.5: Anti-Helmholtz coil magnetic field along the radial axis equidistant be-
tween the coils for geometries A-D with Iy = 80 mA.
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FIGURE 3.6: Anti-Helmholtz coil magnetic field along the radial axis equidistant be-
tween the coils for geometry A with Ij set to four different values.
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Figure 3.5 shows the predicted magnetic flux density along the axis parallel to and
equidistant between the coils. From this figure it can be observed that the maximum
predicted value of the magnetic field is less than 1 mT for all geometries and the
maximum in each case is located at a distance r slightly greater than the coil radius
raH. For constant current Iy, the maximum magnetic flux density decreases with
increasing coil radius. At radii less than the coil radius 74y the form of the magnetic
field appears non-linear and complex. This does not fit the requirements for a Kibble

balance and therefore the sensing coil cannot be placed in this region.

Magnetic flux density in the region r > 1.5r 4y to r =150 mm, was fitted with four
different equations.
TABLE 3.9: Results of fitting four equations to the magnetic flux density data in the

region v > 1.5r4p from the anti-Helmholtz coil simulation with a current of 80 mA
shown in figure 3.5.

. . Adjusted R squared
Fit Equation A B C D
1/r c0+c1(1/r) 0.7424 0.8207 0.8815 0.9274
1/7? c0+c1(1/r) +c2(1/7?) 0.9840 0.9932 0.9975 0.9993
expl c0exp(clr) 0.9862 0.9563 0.9795 0.9907
exp2 cOexp(clr) + c2 exp(c3r?) 0.9958 0.9996 1.0000 1.0000

The adjusted R squared statistics in table 3.9 suggest that the magnetic flux density in
this region has a more complex relationship with distance than 1 especially at smaller
geometries. The shape of the magnetic field tends towards a % relationship with
increasing coil radius 74 as shown by the increase in adjusted R squared from 0.7424
for model A (r 4 = 20mm) to 0.9274 for model D (r 4 = 50 mm).

To investigate how the field changes with current, the simulations were run again with
multiples of the original Iy current. The results for geometry A are shown in figure 3.6.

The data in figure 3.6 showed that the magnitude of the magnetic field |B| was directly
proportional to the current Iy on a one to one basis. Therefore, for geometry A
(sensing coil radius of 20 mm) a current of approximately 22 A was required to
generate 0.1 T of magnetic flux density at a distance of 1.5r 4. This current exceeded
the recommended maximum current capacity for the wire (21.3 mA [85]) by over 1000
times. This result showed that an anti-Helmholtz coil was not a feasible method of
magnetic field generation for a Kibble balance at the mass scales considered in this
work. This conclusion is consistent with the consensus in the literature. Many if not all
existing electromagnetic Kibble Balances utilise a permanent magnetic circuit [86].
Conventional coils such as the ones considered in this feasibility study are not used
due to the low magnitude magnetic field produced. Superconducting coils such as
those in the NIST-3 Kibble balance are extremely large, expensive, and time
consuming to operate [87]. This system was rejected in favour of a yoke based
permanent magnet when planning the NIST-4 Kibble balance [88].
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3.4.3 Permanent Magnets

Identical circular permanent magnets positioned on axis and orientated with like
poles facing each other can produce a magnetic field with similar characteristics to
that generated by an anti-Helmholtz coil.

350 mm

(A) Wire-frame view of identical cylindrical magnets centred inside a sphere of air with a line
segment.

(B) Magnet pair spaced with a gap Syag between their faces equal to their radius 7y,g-

FIGURE 3.7: Permanent magnet COMSOL Multiphysics® simulation geometry.

Four geometries were simulated using COMSOL Multiphysics® as detailed in figure
3.7 and table 3.10.
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Magnet radii 7,¢ and separation S, were selected to keep the overall device
parameters comparable to existing commercial micro-balances and to allow a direct
comparison with the anti-Helmholtz simulation. Magnet height Hinag was assumed to
be equal to its radius as per a range of commercially available NdFeB disc magnets
(from supermagnate.de [89]). The magnets were assigned the material properties of
‘N45 (Sintered NdFeB)’ selected from the COMSOL Multiphysics® library (1.05 recoil
permeability and 1.35T remanent flux density). The assumed remanent magnetic flux
density was in agreement with the specification of a commercially available
neodymium magnet [90]. A sphere of the air was used as a boundary condition. Its
radius was set at seven times the radius 7, of the largest magnet geometry.

TABLE 3.10: Summary of permanent magnet simulation parameters. The magnetic

material was assumed to be N45 (Sintered NdFeB) and the default COMSOL library
material properties used.

Symbol Description Unit A B C D
Tmag Magnet radius mm
Hinag Magnet height mm 20 30 40 50
Magnet separation (gap between
Smag faces) mm
Tsph Sphere of air radius mm 350
Ssph Sphere of air layer thickness mm 50
I I
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FIGURE 3.8: Magnetic field generated by permanent magnet pair along the radial axis
equidistant between the magnets for geometries A-D.

Figure 3.8 shows the predicted magnetic flux density along the axis parallel to and
equidistant between the magnets. It was observed that at radii less than the radius of
the magnet r < 7,5, the form of the magnetic field appeared non-linear and complex.
This did not fit the requirements for a Kibble balance and therefore the sensing coil
should not be placed in this region. The peak magnetic flux density of each geometry
was a similar magnitude with |Byax| ~ 0.3 T.
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Data in the region r > 1.57y,4 to ¥ =300 mm was fitted with four different equations.
The results are shown in table 3.11. The adjusted R squared statistics suggested that
the magnetic flux density in this region had a similar form to the magnetic field
generated by the equivalent radius anti-Helmholtz coil and changed in the same way,
specifically it tended towards a % relationship with increasing magnet radius 7y, with
model D (/¢ = 50 mm) having the highest adjusted R squared value for this fit.

TABLE 3.11: Results of fitting four equations to the magnetic flux density data in the
region 7 > 1.5R s from the permanent magnets simulation.

. . Adjusted R squared
Fit Equation A B C D
1/r c0+c1(1/r) 0.7775 0.8303 0.8735 0.9058
1/ c0+c1(1/r) +c2(1/r%) 0.9959 0.9984 0.9993 0.9996
expl c0exp(clr) 0.9975 0.9978 0.9981 0.9983
exp2 cOexp(clr) + c2 exp(c3r?) 0.9989 0.9996 0.9998 0.9999

T
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FIGURE 3.9: Permanent magnet experimental setup.

To verify the predicted magnetic field data produced by the COMSOL Multiphysics®
simulations a simple magnet model was set up in the laboratory. Two neodymium,
iron, and boron (NdFeB) alloy magnets [90] with radius 7/, and height Hy,,¢ of

35 mm were set up with like poles (north) facing each other at a separation distance
Simag of 55 mm and 65 mm. The magnets were encased in 3D printed plastic boxes with
alignment holes. Stainless steel studding and nuts were used to align and space the

magnets as shown in figure 3.9.
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Magnetic flux density measurements were taken at 5 mm and 10 mm intervals in a
radial direction on the plane midway between the magnet faces starting in line with
outer edge of the plastic boxes. Taking into account the 13 mm wall thickness of the
plastic boxes the first data point was collected at 7 = 48 mm (or 7 = 74 + 13 mm). An
Alphalab DC Magnetometer set to range 1999.99 was used to make the
measurements. Data were collected with the probe in two orientations 180° apart. The
average of the magnitude of these reading are reported and compared with the
equivalent COMSOL Multiphysics® simulation data as shown in 3.10.
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FIGURE 3.10: Comparison of permanent magnet predicted magnetic field with mea-
sured data for N45 NdFeB magnets of dimensions 7, = 35 mm, Hyqg = 35 mm at two
separations Syag-

Figure 3.10 shows that the COMSOL Multiphysics® predicted magnetic field data
agrees to within ~ 10% of the measured magnetic flux density at both magnet
separations. In both cases the measured magnetic field was of lower magnitude than
predicted, however a magnetic flux density of > 0.1 T at r = 7,54 + 15 mm was
observed which matches the assumed magnetic field magnitude used in the feasibility
study. This experiment verified that the COMSOL Multiphysics® models are accurate
to within ~ 10% giving confidence in the feasibility study assumptions.

The permanent magnet feasibility studies indicated that a pair of permanent magnets
could be used to generate a radial magnetic field of >0.1T at coil radii required for a
Kibble balance.
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3.5 Summary

In this chapter the feasibility of creating a “low cost” Kibble balance device optimised
for measurement of masses in the range 10 g to 1 ug was investigated.

A study focused on the scale of the sensing coil and consequent adjustment of the
electrical measurement systems and operation parameters showed that there was a
good prospect of achieving the target measurement uncertainty at sub-milligram

masses.

A second study focused on methods of generating a magnetic field of 0.1 T or higher
at the size of the sensing coil was carried out. The feasibility of two options,
anti-Helmholtz coils and a pair of opposing permanent magnets, were explored. The
results showed that anti-Helmholtz coils were not a feasible option for generating the
required magnetic field magnitude with peak magnetic field values of less than 1 mT.
The permanent magnet model was shown to generate a magnetic field of the required
tield strength and shape.

The results of the feasibility studies carried out in this chapter showed that there was a
reasonable prospect of creating a working 3D printed Kibble balance at the gram-level

with the potential for scaling to the sub-milligram level.
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Chapter 4
Prototype

In this chapter the design, manufacture, assembly and initial testing of a 3D printed
gram-level Kibble Balance is presented. Part of this work, specifically the mechanical
design, was published at the Joint IMEKO TC3|TC5|TC16|TC22 International
Conference in 2022 [1]. The design was based on some of parts and subsystems of the
existing NPL Demonstration Kibble balance.

4.1 Background

The NPL Demonstration Kibble Balance (Figure 4.1) was developed for the
celebration of the redefinition of the kilogram in 2019. Its primary purpose was to
serve as a tool for public engagement and in the lead up to 20 May 2019 it was used to
raise awareness of the significance of the redefinition of the kilogram by practical
demonstration of the Kibble technique [91].

The Demonstration Balance system was designed to be portable and comprise all the
components of a working Kibble balance such as a magnet, coil, tare mechanism,
guidance mechanism, current source, voltage measurement, velocity measurement,
real time computer, balance control software, and mass lift. The design was inspired
by the planned NPL “Next Generation” Kibble balance [92] and thus benefits from
the advantages of reduced alignment errors [93]. The Demonstration Balance differs
from the “Next Generation” balance in a few important ways. Firstly, it operates in air
removing the need for a vacuum chamber. Secondly, voltage measurements are made
by conventional electrical and resistance standards rather than requiring a JJA and
Quantum Hall Resistance (QHR) Standard held at the temperature of liquid helium
(4.2K). Thirdly, an encoder is used to make position and velocity measurements
instead of a laser interferometer. Finally, spherical masses up to a nominal value of

50 g can be measured, five times less than specified for the “Next Generation” balance.



72 Chapter 4. Prototype

Tare Magnet

Tare Coil

Disk Flexture

Moving Frame

Spherical Mass
Encoder Read Head

100mm

Support Frame

Disk Flexture
Weighing Coil

Weighing Magnet

FIGURE 4.1: NPL Demonstration Kibble balance CAD section views.

Post redefinition a secondary purpose for the Demonstration Balance has come to the
fore. This system can act as a stepping stone to the measurement of smaller masses via
the Kibble principles. The balance is fitted with a bifilar measurement coil, the control
software was updated to the same specification as the “Next Generation” balance, and
a new simplified frequency counter which takes continuous velocity measurements
(to match the measurements taken by the voltmeter) has been developed. This
approach to velocity measurement was adopted to reduce the adverse effects of
external vibration which is a common source of noise in Kibble balance measurement
data [94]. The modified Demonstration Balance system has informed the design of a
low cost 3D printed Kibble balance system aimed at measuring between 1g and 10 g.
The purpose of this prototype is to set the basis for future work on the development of
a 3D printed MEMS micro Kibble balance with a target measurement range of 1 mg
and below [35].
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4.2 Design

One of the aims of the 3D printed prototype balance was to be a simplified and
low-cost system for realising mass. To achieve these aims the Demonstration Balance
system design was used as a baseline. Starting from a working system meant that the
number of new parts to be designed and manufactured was significantly reduced.
Some sub-systems and components were incorporated directly from the
Demonstration Balance design including the RTC, software, electronics box, CotS

optical linear encoder, magnet, and magnet holder.

This section will focus on the design of the components and sub systems created
specifically for the 3D printed prototype balance. These include the moving frame,
support frame, guidance and counterbalance mechanism, and coils and are shown in

Figure 4.2, Figure 4.3 and Figure 4.4.

FIGURE 4.2: 3D printed Kibble balance external view. The support frame (F), moving
frame (E), balance arms (M), encoder mount (C), and a spherical test mass (A) are
shown in grey. The encoder read head (D) is shown in blue. The counterbalance tare
masses (K), including fine adjustment nuts (L), are shown in yellow [1] © 2022 IMEKO.
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50mm

FIGURE 4.3: 3D printed Kibble balance cross-section shown perpendicular to the bal-

ance arms. The support frame (F), moving frame (E), balance pan (B), encoder mount

(C), and spherical test mass (A) are shown in grey. The encoder read head (D) is shown

inblue and the encoder scale (G) is shown in black and white. The magnet (I) and mag-

net holder (H) are shown in dark grey and black respectively. The tare and main coils
assembly (J) is shown in red [1] ©2022 IMEKO.

FIGURE 4.4: 3D printed Kibble balance cross-section shown parallel to the balance

arms. The locations of four double-ended cross flexure bearings are indicated by P; to

P4. The support frame (F) and moving frame (E) have symmetrical geometry, therefore

the distance between P, and P3 was equal to the distance between P; and P, (50 mm)
[1] ©2022 IMEKO.
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4.2.1 Magnet and Coils

The first simplifying design choice was to include only one magnet. The existing
Demonstration Balance magnet was incorporated directly without any changes.
Therefore, the new tare/drive coil and main coil were designed to fit inside the
existing magnet gap and were wound one on top of the other forming a single unit,

shown in red in Figure 4.3 and Figure 4.4.

-
1 [ 1oL [ Yoke
: Magnetic material

—> Magnetisation vector

Flux path
H b ] Ar
® ® Coils

FIGURE 4.5: Simplified schematic diagram of the NPL Demonstration Kibble balance
magnet. Not to scale.

The Demonstration Balance magnets were made from CotS ring-shaped NdFeB
magnetic material and bespoke steel yoke pieces [95]. The system is closed at the base
with the magnetic material attached to the inner yoke and the magnetic flux is guided
through a single air gap. This design, shown in figure 4.5, is similar to the LNE type
magnet [96] except for the position of the magnetic material and also equivalent to the
lower half of a BIPM type magnet [97]. These designs and others are summarised in
[86].

Both coils were constructed from the same 0.125 mm diameter insulated copper wire
however the drive/tare coil consisted of a single strand of wire whilst the main coil
was ‘bifilar’, specifically made from a twisted pair of wires. The two coil unit was

10 mm in height and approximately 30 g in mass. It was “self supporting’, with all
wires secured together by an epoxy resin, and glued concentrically to the bottom face
of the moving frame. The magnetic field B inside the gap of a typical Demonstration
Balance magnet was approximately 0.17 T. The lengths of both coils were optimised to
produce a BL product of approximately 2.5 Tm for the tare/drive coil (15m) and 4 Tm

for the main coils (24 m each).
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4.2.2 Moving Frame

The moving frame was located inside the central structure (support frame) and
supports the coils, encoder scale, and the mass pan. It was 3D printed using generic
PLA material with a fill factor of 15% to keep the total mass of the moving frame
assembly (coils, moving frame, encoder scale, mass pan) to approximately 80 g. The
mass pan was conical to ensure spherical masses were positioned safely and centrally.

4.2.3 Support Frame

The support frame was the outer support structure for the encoder read head mount
and the pivot points for the counterbalance mechanism. It was designed to fit on to
the existing Demonstration Balance magnet holder which has the facility to adjust the
relative position of the magnet with respect to the moving assembly. The support
frame was also 3D printed from generic PLA material.

4.2.4 Guidance and Counterbalance Mechanism

The mechanical system was based on lever arm principles and contained four
double-ended cross flexure pivot bearings. Two balance arms joined the moving frame
to the support frame and held counterbalance (tare) masses. The purpose of this
system was to allow the moving frame to move along the z-axis while minimising the
motion in other directions. The balance arms were 3D printed from generic PLA
material. The original design of the counterbalance masses included brass cylinders
mounted on a threaded rod and fine adjustment masses made from a sliced brass M12
nut. C-Flex double-ended pivot bearings shown in figure 4.6 were selected for the

pivot points on the support frame and at the connections to the moving frame.

The C-Flex pivot bearings were held in place using specifically designed clamps in
the moving frame, support frame, and balance arms as shown in figures 4.7, 4.8, and
4.9 respectively. The clamps were included in the 3D print of each part and closed
using nylon or stainless steel bolts. The support frame and moving frame clamps
included “beam” components that could flex inwards to facilitate the motion of the
moving frame. The end profile of the balance arm was 3 mm wide by 12 mm tall

(11 mm excluding the “teeth” on the top and bottom of the arm shown in figure 4.22).
The clamps shown in figures 4.7 and 4.8 were assumed to attach rigidly to the fixed
sections of the C-Flex pivot bearing shown in figure 4.6. The balance arm clamps
shown in figure 4.22 were assumed to attach rigidly to the rotating section of the

C-Flex pivot bearing shown in figure 4.6.
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FIGURE 4.6: C-Flex double-ended pivot bearing diagram showing the fixed and rota-

tional parts, dimensions, and end view. For CD-20, total length A =7.62 mm, rotating

section B,,;;;, =3.05mm, fixed sections C,,;;;, =1.52mm, and diameter D =4.76 mm.
Diagrams not to scale. Redrawn and simplified based on information from [98].
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FIGURE 4.7: Support Frame C-Flex pivot bearing clamp diagram showing the features

of the clamping mechanism including the width of the clamp w;; = 4 mm, the width of

the balance arm slot s =4 mm, and the profile depth of the clamp beam d;; =10 mm.
Diagram not to scale.
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FIGURE 4.8: Moving Frame C-Flex pivot bearing clamp diagram showing the fea-
tures of the clamping mechanism including the width of the clamp w,,; =3.2mm,
the width of the balance arm slot s =4 mm, and the profile depth of the clamp beam
dy s =3.11mm. Diagram not to scale.

FIGURE 4.9: Balance arm profile diagram showing the concept of the clamping mech-
anism on to the rotational parts of the C-Flex pivot bearings. The clamps were closed
by nylon bolts as indicated by the blue “T” shapes. Diagram not to scale.
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4.3 Operation Theory

The 3D printed Kibble balance was based closely on existing electromagnetic Kibble
balances and therefore the established Kibble principles and equations were used to
analyse its expected performance. In 2012 Robinson [49] proposed a bifilar coil as a
method of achieving weighing and moving phases in a single mode at room
temperature ( SMTP). This idea was a modification of the originally proposed Single
Mode One Phase (SMOP) BIPM Kibble balance which used a superconducting coil
cooled to cryogenic temperatures to carry the weighing current and induced moving
voltage simultaneously without cross-coupling or interference [47]. The 3D printed
Kibble balance was designed with a bifilar coil and was operated following a SMTP

scheme of measurement.

4.3.1 Bifilar Coil Theory

A bifilar coil is constructed by winding a twisted pair of wires. This creates two
separate coils that are almost identical in dimensions and position in space. When
placed in a magnetic field it can be assumed that the difference in BL product between
the two coils will be very small (BL), = (14 6)(BL)1. This setup allows one coil to
carry the weighing current at all times during the weighing and moving phases whilst
the second coil is used to measure the induced voltage during the moving phase. This
has the advantage of keeping the two signals decoupled and keeping the difference
between BL in the weighing and moving phases as small as possible. In this scheme
the change in magnetisation of the magnet between weighing and moving phase due
to the weighing current is minimised as the same magnitude of current is present in

both phases.

As shown in figure 4.10, four measurement phases are required when performing
mass measurements using a bifilar Kibble balance which create two virtual
instruments, one for mass on and one for mass off. During the weighing phases, the
tare coil system is used to apply a constant force (F;) upwards (positive z-direction)
and in all phases a weighing current is carried in one of the main coils.
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a) Weighing phase, mass on,
constant coil positionz=0
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FIGURE 4.10: Schematic line diagram of the bifilar Kibble Balance Principle with co-
located main coils (coil 1: red lines, coil 2: purple lines) and tare coil (green lines).
Coils wound together or on top of each other but drawn separated here for clarity.
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Forces - Mass On State

In weighing phase (figure 4.10 a) the system is in equilibrium with the coils held
statically at the weighing position. In moving phase (figure 4.10 b) the system is also

in equilibrium as the coils are moving at a constant velocity u(; o) (2)-

In both phases the forces are as follows:

F(on) =F+ F(l,on) (4.1)
My & +mg = (BL)tIt + (BL)ll(l,on) (42)

Where F(,,) is the sum of the weight of the Kibble balance moving parts (moving
frame m,,s¢ including the coils and the mass pan) plus the weight of the mass under
test (grey sphere, mg), F; is the tare force applied by the current in the tare coil
((BL)¢It), and Fy o) is the force applied by the current in main coil 1 ((BL)11(1,0n))
required to hold the balance at the weighing position.

Forces - Mass Off State

Similar to the mass on state, in the mass off state the balance is in equilibrium during
the weighing (figure 4.10 c) and moving (figure 4.10 d) phases. The main difference is
the absence of the mass under test resulting in a different weighing current in the
main coil.

In both phases the forces are as follows:

Fog) = B+ Faoff) (4.3)
My = (BL)tlt + (BL)111,0fp) (4.4)

Where F,sf) is the weight of the Kibble balance moving parts (moving frame 11,,¢g
including the coils and the mass pan), F; is the tare force applied by the current in the
tare coil ((BL)I;), and Faoff) is the force applied by the current in main coil 1
((BL)111,0ff)) required to hold the balance at the weighing position.

Calculation of Mass

For each mass state (subscript s) the following measurements need to be taken. Firstly,

data is collected with coil 1 assigned to the role of carrying the weighing current I at
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all times and coil 2 assigned to the role of carrying the induced voltage V during the
moving phase.

M1s81s = (BL)lslls (45)
Vas = (1+6)(BL)ssttz (4.6)

Where m;; is the mass measured by coil 1, g15 is the acceleration due to gravity acting
on the mass, (BL);; is the product of the magnetic field B and the length L of coil 1, I
is the weighing current, Vs is the voltage induced in coil 2 during the moving phase,

(14 0) is the correction term applied to account for the difference between (BL),; and

(BL)1s and uys is the velocity of coil 2 during moving phases.

The roles of the main coils are then reversed and the weighing and moving phases

repeated.

Masgas = (1 +0)(BL)1sIos (4.7)
Vls = (BL)lsuls (48)

Each pair of equations can be combined according to the original Kibble principles

discussed in Chapter 2 on page 24.

mlsgls(l + 5)”25 - VZslls (49)
M2s82sU1s = (1 + (S) VlsIZS (410)

If 6 is assumed to be constant over the period between measurement phases then
equation 4.9 and 4.10 can be combined to eliminate (1 + J) resulting in the

multiplication of the mass according to each coil.

M1sQ1sU2sM2s2sU1s = VaslisVisIos (4.11)
Vi1 Vool
M1stns = 1s11s V2s12s (412)
81sU1sZ2sU2s

The mass in each state m; can be calculated by taking the square root of equation 4.12.

Ms = /Mysos (4.13)
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To obtain a mass result m for the object under test equations 4.5 to 4.13 need to be
carried out for both mass on and mass off states. The mass off m, s result should then

be subtracted from the mass on m,,, result.

m = Moy — Myff (4.14)

4.3.2 Simplified Bifilar Coil Measurement Sequence

The bifilar coil theory outlined in section 4.3.1 requires a complex implementation in
practice. The order of measurement phases needs to be carefully arranged to minimise
the time between corresponding weighing and moving phases whilst also minimising
potential thermal electromotive force (EMF) in the coil switching relays.

It is possible to simplify the implementation of the bifilar coil theory by assuming that
the difference ¢ between the BL product of the two coils for a particular mass state is
small during the period of time taken to record a weighing phase and a moving phase
data set. Specifically if (1+ ) ~ 1 then (BL)ys = (BL)1s = (BL),. This assumption
significantly reduces the total time taken to complete a measurement run as there is no
need to repeat measurement phases with the roles of the coils reversed. In addition
gravity can be assumed to be a constant value to within the target level of uncertainty
for this work. Equations 4.5 and 4.6 can be modified as follows.

misg = BLIy (4.15)
Vas = BLuus (4.16)

Equations 4.15 and 4.16 can be combined as per the traditional Kibble principles and

generalised to give m; for each mass state.

VasI
ms = iy = — (4.17)
SU2s

Equation 4.17 is the simplified version of equation 4.13. The mass on (11,,) and mass
off (m,sr) results generated using this equation can therefore be combined according
to equation 4.14 to calculate the mass () of the object under test.

For completeness, if measurement phases were carried out according to this simplified
version of the theory with the roles of the coils reversed then additional repeat mass

results m would be generated for the object under test.
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4.3.3 Coil Current Effect

A wire carrying an electric current generates a magnetic field according to the
Biot-Savart Law. A coil of wire can be considered as a stack of wire loops or a solenoid.

FIGURE 4.11: Magnetic field B,,;; generated by a coil of N turns and height /. carrying
a current /. The north and south pole of the magnetic field are indicated by the red N
and S respectively.

The magnetic field generated by a coil is given by equation 4.18.

Beoit = VOnI (4.18)

where j is the permeability of free space, 1 is the number of turns N per unit height
of the coil (N/h.), and I is the current flowing in the wire.

If the current carrying coil of wire is located inside an external magnetic field, such as
in a Kibble balance, then the two fields will interact through superposition.

B = Bexternul + Bcoil (4-19)

In a Kibble balance this is known as the coil current effect. Specifically, during the
weighing phase the current flowing in the main coil directly affects the total magnetic
tield experienced by the coil which has an impact on its BL product. This effect is
usually minimised by operating the Kibble balance in a specific way. For a classic

TMTP Kibble balance with a single main coil, in weighing phase a tare mass is
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selected such that the currents flowing in mass on and mass off states are equal and
opposite (In = —I,ff). In moving phase, there is no current present (I = 0). This
arrangement ensures that the average BL product experienced by the coil during the
weighing phase is measured during the moving phase [86].

For a SMTP Kibble balance with a bifilar main coil operating according to the
measurement sequence detailed in section 4.3.2 it is not necessary to implement
symmetric currents during the weighing phase. The BL product is measured in each
mass state with the corresponding weighing current applied in one of the coils. The
appropriate (BL); is used to calculate the mass value m; for each mass state and
therefore the coil current effect is accounted for in the calculations. This assumption
holds providing the weighing position coincides with the magnetic field centre of the
Kibble balance magnet otherwise a correction will need to be applied [99].

As described in section 4.2.1, the main coils of the 3D printed Kibble balance were
co-located with a tare coil inside a single magnet. This arrangement complicates the
consideration of the coil current effect.

B = Bexternal + Bmain + Btare (4.20)

Weighing Phase

During the weighing phase the tare coil carries a constant current I;,,, which generates
a force according to Fizre = BLtareltare (equation 2.12) to counterbalance the apparent
weight of the moving frame w,s.

Wyf = Myfg + f2 4.21)

Where m,,s is the mass of the moving frame, g is acceleration due to local gravity, and
fz is the force in the z-direction due to the stiffness of the flexures in the guidance

mechanism.

The tare current does not change between mass states therefore its own magnetic field
Btare is constant. However as the tare coil is inside the same magnetic field as the main
coils it will be subject to the change in total magnetic field caused by the different
weighing currents in the main coil in mass on and mass off states. The change in total
magnetic field changes the BL product of the tare coil and hence the force applied in
each mass state. The effect on the mass value of the object under test can be corrected
according to the Magnetic Field Correction theory in section (4.3.4).
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Moving Phase

During the moving phase the tare coil is used to drive the main coil at a constant
speed through the magnetic field. This is achieved by changing the force applied to
the moving frame by varying the current carried by the tare coil. The current applied
to the tare coil is the sum of the current according to the predetermined “force profile”
and any additional current required to accelerate the moving frame up to constant
velocity or decelerate the coil to stationary for the turning points. The acceleration and
deceleration zones are excluded from the BL product measurement range. The force
profile is given by the sum of the forces required to hold the moving frame stationary
at each position z along its moving range. If the weight of the moving frame (11,,¢g) is
counter-balanced by physical tare masses, such as parts K and L in figure 4.2, the force
needed to hold the moving frame at different z positions is determined by the stiffness
of the flexures in the guidance mechanism. This can be calculated analytically
according to the mechanical theory in section 4.4.3. When the moving frame passes
through the weighing position (z = 0) there will be no current in the tare coil because
the force profile requires zero additional force to be applied at this position.
Specifically, during moving phase at z = 0 the system is in equilibrium: the moving
frame is moving at a constant velocity (F = m,,;a = 0 as a = 0) and the guidance
mechanism flexures are at their respective resting positions (F = xz = 0 as z = 0).
Therefore, when BL(z = 0) is measured during the moving phase the magnet-coil
subsystem is momentarily in exactly the same “static” state as when it is at the

weighing position during weighing phase.

4.3.4 Magnetic Field Correction

The magnetic field B was assumed to vary linearly according to current flowing in the
coils. The current flowing in the tare coil during the weighing phase was fixed
however the current flowing in the main coil changed between the mass off and on
states. This required a correction term to be applied to the measurement of mass
which is derived in [100].

B = By + BI (4.22)

Where By is the magnetic field due to the permanent magnet plus the effect of the
fixed current i in the tare coil and S is the change in magnetic field due to the change

in current I flowing in the main coil.

The mass off state was assumed to be the origin state. The moving frame of mass m,,s
was held at the zero position by the current i in the tare coil of length L;..
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My fg = BoLyci (4.23)

In the mass on state the test mass m was added to the moving frame and there was a

change of current I flowing in the main coil of length L.

My g +mg = (Bo + BI)Lici + BLycl (4.24)
Mg +mg = My, rg + PILtci + BLycl (4.25)
mg = BILsi+ BLyl (4.26)

Equation 4.22 was rearranged to express the term BI as B — By. By substituting this
expression, equation 4.23 and the length of the moving coil L, into equation 4.26 was
transformed as follows.

mg = (B — Bo)Lici + BLucl (4.27)
B-B
mg — ( 0> Mys§ + BLyc (4.28)
By
BLye — BoL
mg = (W) My & + BLycl (4.29)
mc

The BL products of the main coil in the mass off ByL,,. and mass on BL,,. states were
Bme_BOLmC
BOme
represents a correction to the usual expression for mass mg = BL,,.I. The fractional

measured during the moving phases. The term ( > My rg in equation 4.29

correction was calculated by dividing equation 4.29 by mg.
My f BLyyc — BoLye
4.30
( m ) < BoLyc ( )

4.4 Estimated Performance

The simplified electromagnetic Kibble balance model defined in section 3.1 according
to equation 3.1 was evaluated for masses in the range 1 g to 10 g based on the
dimensions and characteristics of the gram-level Kibble balance design described in

section 4.2.
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441 Moving Phase

The tare coil was used to generate the motion of the moving assembly during the
moving phase. The main coil velocity u was set to 0.1 mms™!. According to equation
4.16 a voltage of approximately 0.4 mV is induced in the main coil. To convert this
voltage into the measurable range of the ADC (£ 10 V) an amplification A of 1000 is
required, resulting in a measurable moving voltage V) of approximately 0.4 V. The
moving range was set to £0.5 mm about the weighing position resulting in a total
displacement distance of 1 mm and a moving time of 10s per direction. This distance
was selected to check displacements an order of magnitude smaller than the lengths of
the balance arms in preparation for miniaturising to MEMS scales.

4.4.2 Weighing Phase

The current I required to generate a force to oppose gravity acting on a mass in the
range from 2.4 mA and 24 mA respectively. A resistance R of 100 () is required to
convert these currents to a measurable voltage Vjy in the range 0.24 V to 2.4 V. The
current carried in the main coil will result in power dissipated ranging from 1.87 mW
at10gto 0.02mW at1g.

4.4.3 Guidance and Counterbalance Mechanism

The torsional specification of the pivot bearings selected for the guidance mechanism
and the distance I/, between them have an impact on the performance of the balance
[1]. The mechanical properties of the pivot bearing clamps also contribute to the total

stiffness of the system.
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FIGURE 4.12: Cross-sectional line diagram of one half of the mechanical system at the

origin position (z = 0). The distance 1, between the C-Flex pivots was fixed at 50 mm.

The distance 1; between the tare mass and the C-Flex in the support frame can be
varied to achieve equilibrium. Diagram not to scale.



90

Chapter 4.

Prototype

Mechanical System Geometry in Motion

L

X

C-flex<

N

L

N
\/

1s
support moving
frame frame
(A) Origin position (z= 0).
Z
L) -Lr’ AX
X .
(\ 1
c-flex & N
AZ
.l.r \ \
NI
|
|
|
|
|
s\ |
|
support | moving
frame I frame

(B) Moving frame displacement (Az).

FIGURE 4.13: Cross-sectional line diagram of one half of the mechanical system ge-
ometry at (A) the origin position and (B) with the moving frame displaced by Az.
The balance arm length and moving frame clamp length were fixed at 1, =50 mm and
l; =9.55mm respectively. The C-Flex pivot bearing held in the moving frame clamp

deflects towards the support frame by Ax. Diagrams not to scale.
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According to simple harmonic motion the restoring force on a spring due a change in
its length is given by 4.31:

F = —xAl (4.31)

Where F is the restoring force, « is the spring constant, and Al is the change in length
of the spring from its resting (non-stretched) position.

Clamp Spring Constant

The pivot bearing clamps can be considered as simple cantilever beam structures as

shown in figure 4.14 with profile geometries shown in figure 4.15.

T -

p_, AX X
loaded
beam
unloaded
beam
L L
L Tw
d
Frrrr
(A) Beam deflection. (B) Simplified clamp geometry.

FIGURE 4.14: Cantilever beam deflection and geometry. (A) A vertical cantilever of

length L is deflected in the x-direction due to load p applied at the free end. (B) Clamp

geometry showing beam length I, beam width w, and beam depth d. Diagrams not to
scale.

The load required to deflect the cantilever beam by distance Ax can be calculated
according to equation 4.32.

3EIAx
pP=—"73—

o (4.32)

Where p is the load applied, E is the Young’s modulus, I is the second moment of area,

Ax is the distance of deflection, and L is the length of the cantilever.
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Comparison of equations 4.31 and 4.32 shows that the spring constant of a cantilever
3EI

beam is given by 3

The second moment of area I is a geometric property of the cantilever beam that
determines its resistance to deflection or bending. For the geometry shown in figure
4.14b the second moment of area with respect to the neutral axis I, is calculated

according to equation 4.33.

2772 (4.33)

As shown in figures 4.7 and 4.8, the pivot bearing clamps in the support frame and
moving frame have different geometries. Figure 4.15 shows their respective profiles in
closer detail. Their dimensions and calculated values of the second moment of area

with respect to the y-axis are shown in table 4.1.

Z
X ‘i\y

/ Wsf A/

Wnf

Ls Ls
de dmf

(A) Support frame. (B) Moving frame.
FIGURE 4.15: Pivot bearing clamp geometries. Diagrams not to scale.
The beam length [; was equal to 9.55 mm for both geometries. It was assumed that the

clamps would have a similar Young’s modulus E given that they would be 3D
printed from the same PLA material on the same 3D printer. By inspecting equation
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TABLE 4.1: Pivot bearing clamp dimensions (as labelled in figure 4.15) and second
moment of area with respect to the y-axis ;.

Clamp ID Is d w Iy
mm mm mm m*
Moving Frame 955 311 3.20 8.02E-12
(mf)
Support Frame 9.55 10.00 4.00 3.33E-10

(sf)

4.32, it was observed that the second moment of area was the most important factor
impacting the relative stiffness of the two clamps. The moment of area for the support

frame clamp I (.sf) = 3.33 x 10719 m* was more than 40 times higher than for the

,S
moving frame f:l;mp Itymp) = 8.02 % 10~!2m*. This indicated that the moving frame
clamp was significantly less resistant to bending in the x-direction than the support
frame. Therefore, for a given deflection Ax, the support frame clamp would require a
force 40 times higher than the moving frame clamp. This allowed a simplifying
assumption to be made for the analysis of the guidance mechanism motion.
Specifically, as shown in figure 4.13, the support frame clamp was completely rigid
and only the moving frame clamp would deflect when the guidance mechanism was

in motion.

The total spring constant for the moving frame clamps ks was calculated according
to equation 4.34.

3E,, I
s = nmf% (4.34)

Where 7, is the number of moving frame clamps in the system, E,; is the Young’s
modulus of the moving frame material, I, ) is the second moment of area with

respect to the y-axis for the moving frame clamp, and [; is the length of the cantilever.

According to the manufacturer’s data sheet, the Young’s Modulus of the generic PLA
material used to manufacture all the 3D printed parts of the prototype was 3.31 GPa
in the machined direction and 3.86 GPa in the transverse direction [101]. Studies of the
mechanical properties of 3D printed PLA have shown that the 3D printing process
can significantly reduce the Young’s modulus from the manufacturers specifications
[102][103][104]. A number of factors can influence the change in Young’s modulus
including infill density, infill pattern, printing speed, and printing orientation. In [102]
the Young’s modulus of test pieces was measured for a range of print parameters and
combinations. The test pieces were made using generic PLA with a manufacturer
specified Young’s modulus of 3.31 GPa. It was found that infill density had the largest
impact on measured Young’s modulus closely followed by infill pattern. The study
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included three infill densities (25%, 33%, 50%) and three infill patterns (grid, triangle,
honeycomb). The observed Young’s modulus ranged from 248 MPa to 796 MPa with a
mean of 487.8 MPa. These values represent a 92.5%, 76%, and 85.3% decrease of the
manufacturer’s specification respectively. The prototype design described in sections
4.2.2 to 4.2.4 specifies an infill factor of 15%. The Young’s modulus of 3D printed PLA
with fill factors as low as 15% were not reported in the literature. However, given that
PLA of the same manufacturer’s specification was used in [102], a value of 248 MPa

was assumed to calculate the total moving frame clamp spring constant
ki = 2.74 x 104 N-m™ (with n,,,5 = 4).

The force acting on the moving frame in the z-direction due the moving frame clamps
F(; ) is determined by resolving the force along the balance arm required to deflect
the clamp into its component along the z-axis.

P(mf,z) = —kmfAX sin 6 (435)

Where k¢ is the total spring constant of the moving frame clamps (equation 4.34), Ax
is the deflection of the C-Flex pivot bearing towards the support frame, and 6 is the
angle of the balance arm deflection from the horizontal position.

Ax and 6 are shown in figure 4.13b. According to trigonometry:

AX — lr — lr/
=1, —1,cosf
=1,(1 —cosb)

Substituting this expression into equation 4.35:

Finfz) = —kmgslr(1 — cos0) sin 6 (4.36)

Equation 4.36 can be simplified using the small angle approximations:

sinf ~ 6
92
cosf~1— >
6 = arcsin(—) ~ Az
Iy ly
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92
Fingz) = —kmglr(1 = (1= 50 (4.37)
93
Az

Pivot Bearing Spring Constant

The expected value of the linear spring constant of the pivot bearings in the
mechanical system can be determined analytically from the number of pivot bearings,
the torsional specification of the C-Flex flexures, and the distance between the pivot

points.

]
ky = —= 4.40
b= (4.40)
Where ky is the total linear spring constant of the pivot bearings, n; is the number of
C-Flex flexures in the system, ] is the torsional coefficient of an individual pivot
bearing, and I, is the distance from the moving frame to the pivot point.

There were a total of 4 CD-20 C-Flex pivot bearings in the system with a specified
torsional coefficient | of 38.84 mN-m-rad ! [98] and the distance between the pivot
point and the moving frame was 50 mm. Therefore the calculated value of k;,
according to equation 4.40 was 62.15N-m~!.

The force acting on the moving frame in the z-direction due the C-Flex pivot bearings

F(, ) is given by substitution into equation 4.31:
4
F(z,b) = —kbAZ = ——=Az (441)

Mass Sensitivity
F,
h=— (4.42)
8

To calculate the mass sensitivity u of the prototype the total force in the z-direction F,
required to displace the moving frame by the minimum detectable distance needs to
be divided by local gravity g.
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The sum of the forces acting on the moving frame in the z-direction when it was
displaced from the horizontal (origin) position was calculated according to the
following equation:

E: = Fp) + Fiomp) + Mg — meg (4.43)

Where F; is the total force acting on the moving frame in the z-direction, F(, ) is the
total force from the C-Flex pivot bearings in the z-direction, F; ,,f) is the total force
from the moving frame clamps in the z-direction, m,,s is the mass of the moving

frame, m; is the total mass of the tare masses, and g is local gravity.

The total value of the tare masses was selected to balance the mass of the moving
frame. Substituting m; = myy, F, ,,5) (equation 4.37), and F, ;) (equation 4.41) into F;
(equation 4.43):

AZ3

r

The mass sensitivity of the prototype y = 0.127 mg was calculated according to
equations 4.42 and 4.44 by setting Az to the resolution of the linear optical encoder of
20nm, k; = 62.15N-m!, kyp =274 x 10*N-m™, I, = 0.050 m and g =981 m-s2.

Inspection of equation 4.44 shows that the moving frame clamps contribution
(—km f%TZ;) to the total vertical force on the moving frame is negligible in comparison
with the force exerted by the C-Flex pivot bearings and therefore F; ~ F, ;).

By combining equations (4.41) and (4.42) it is observed that the mass sensitivity yu is
directly proportional to torsional coefficient | and inversely proportional to the square
of the distance between the pivot point and the moving frame /2. C-Flex CD-10
bearings have the same diameter and length as CD-20 bearings but a lower torsional
coefficient of 4.53 mN-m-rad ~!. Changing to CD-10 bearings is calculated to decrease
i by a factor of 10, to 0.015 mg.

4.4.4 Magnetic Field Correction

The presence of the counterbalance tare masses (labelled K) and fine adjustment nuts
(labelled L) shown in figure 4.2 serve to reduce the effective mass of the moving frame
(and all items attached to it) to zero. Therefore, the magnetic field correction according

to equation 4.29 was assumed to be zero for the performance estimation calculations.
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4.4.5 Uncertainty Budget

The prototype design calculations and assumptions were used to estimate the total
relative uncertainty (at k=1) for 10g, 5g, 2¢g and 1 g by building on the uncertainty
analysis presented in table 3.5 in chapter 3.

600 :
o oCD-20
. oCD-10
g 500
Q,
Q
~
=
A 400
B 8
i=
8
5 300 =
Q
[
-
200 | =
| | | | |
0 2 4 6 8 10

Mass / g

FIGURE 4.16: Predicted mass uncertainty for the prototype design (I, =50 mm) includ-
ing a comparison of the effect of CD-20 and CD-10 C-Flex flexure bearings.

Figure 4.16 shows the expected uncertainty across the 3D printed prototype’s
working mass range and the effect of changing the flexure bearings from C-Flex
CD-20 to CD-10. The difference in relative uncertainty varied from zero at 10 g to

14 ppm at 1 g. Therefore, as the expected difference in relative uncertainty was
minimal, it was decided to use CD-20 flexure bearings during initial development of
the prototype. The C-Flex CD-20 were made from slightly thicker material, indicated
by their higher torsional coefficient, suggesting they were more robust and likely to
withstand the rigors of initial testing.

Typical uncertainty for OIML class E1 mass calibration varies between 0.2 ppm at
k=1 for 1gto 0.075 ppm at k = 1 for 10 g [105]. The estimated uncertainties for the 3D
printed Kibble balance prototype presented in figure 4.16 show that this system
cannot be competitive with existing traditional mass measurement in the range
1gto10g. However there is a good probability that the prototype system will meet
the target for this work of between 0.1% and 0.25%.

The results in figure 4.17 were calculated to investigate the effect of flexure stiffness on
relative uncertainty when scaling the prototype design, specifically reducing the
length of the balance arms I,. Figure 4.17 shows that as the measured mass decreases
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FIGURE 4.17: Effect of flexure stiffness and balance arm length on predicted mass
uncertainty. Comparison between CD-10 and CD-20 C-Flex flexure bearings and three
balance arm lengths /,.

the selection of a lower flexure stiffness becomes more important, particularly at
shorter balance arm lengths. This is due to the impact of the change in mass sensitivity
u calculated by equation 4.42. This effect highlights one of the challenges of scaling to
MEMS, specifically the need to create a guidance mechanism with low stiffness in a
single direction. In addition, the mass sensitivity equation also highlights the need for
a length measurement system with higher resolution than 20 nm as the system is

scaled to smaller sizes.
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TABLE 4.2: Estimated uncertainty budget for the 3D printed prototype Kibble balance
at 1 g based on the design and capability assumptions.

Unc.

Note | Contribution Value Unit *=1) Unit Ratio %
i Gravity (g) 9.81 m/s? 4.91E-04 m/s?> | 5.00E-05 1%
ii Phase alignment («) 1 - 5.00E-05 - 5.00E-05 1%
iii | Resistor (R) 100 Q 3.22E-03 Q 3.22E-05 0%
iv Xy/elt)ghmg Voltage | 54 \ 1.12E-04 V| 464F-04 | 68%

w
iv | Moving Voltage (Vi) 0.41 \% 1.12E-04 \Y% 2.77E-04 24%
\Y Amplification (A) 1000 - 2.55E-02 - 2.55E-05 0%
vi Distance (h,) 1E-03 m 2.10E-08 m 2.10E-05 0%
vii | Time (t) 10 s 1.10E-04 s 1.10E-05 0%
viii | Flexure stiffness 0.001 kg 1.27E-07 kg 1.27E-04 5%
Total standard uncertainty (k = 1) | 0.561 mg

i. The local gravity value was 9.81 m/s? [79] with an assumed uncertainty of 50
ppm based on determining local gravity by calculation rather than
measurement.

ii. Uncertainty due to difference in alignment of the sensing coil and the magnetic

field between weighing and moving phase was assumed to be approximately 50

ppm [35]. This value was selected to take into account the repeatability of
motion of the mechanical system manufactured from 3D printed PLA parts.

iii. Resistor uncertainty was calculated from the root-sum-square (RSS)

combination of calibration, drift and temperature dependence uncertainties

based on a Vishay HZ Series (Z-foil) resistor [80]. Calibration uncertainty was
assumed to be 10 times NPL’s UKAS accreditation [30]. A stability of 2 ppm

(over 6 years unloaded) and temperature coefficient of 0.2 ppm/°C were

specified for the resistor. Since the current applied to the resistor is very low the

long term stability value has been assumed. A working temperature of 20 4= 20°C

has been assumed for uncertainty due to a change in resistor temperature.

iv. Voltage uncertainty was calculated as the RSS of calibration, drift and ADC

resolution. 20 bit £10V Analogue to Digital Converter (ADC) calibrated against

a high precision and stability voltage reference has been assumed. A

conservative estimate of ADC calibration uncertainty of 5 ppm at 10V based on

NPL’s UKAS accreditation schedule [30]. Long term stability of 10 ppm

assumed based on a Linear Technology voltage reference [81]. ADC resolution

calculated 1%2 =19.07 uV [82].

v. Amplification of induced voltage during the moving phase was assumed to be

carried out using a matched pair of Vishay HZ Series (Z-foil) resistors [83]. The

calibration, drift and temperature uncertainty contributions were combined
RSS. Calibration uncertainty based on ten times NPL UKAS accreditation
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schedule [30]. Matched resistors with a tracking temperature coefficient of 0.5
ppm/°C. A working temperature of 20 + 20°C has been assumed for uncertainty
due to a change in temperature of these resistors.

vi. Displacement uncertainty was based on an optical encoder system [84]
assuming an absolute uncertainty of 20 nm plus a conservative relative

uncertainty of 10 ppm of the displacement [35].

vii. The moving phase measurement time was assumed to be known with an
absolute uncertainty of 10 us plus a conservative relative uncertainty of 10 ppm
[35].

viii. Mass resolution assuming C-Flex CD-20 double ended flexure bearings.

A detailed uncertainty budget for the 3D printed prototype predicted performance at
1g is presented in table 4.2. It shows that the largest contributions to the total
uncertainty are due to voltage measurement in both the weighing and moving phases.
This prototype system utilises conventional room temperature electronics to comply
with the requirements to be a low cost and compact system. The intention of this
prototype is to provide a route to the further miniaturisation of Kibble technology to
the milligram-level and below. At the milligram scale the relative uncertainty of
currently available traditional mass measurement increases to a level which provides

an opportunity for Kibble balances with conventional electronics [35].

4.4.6 Summary

In this section the design for a low cost gram-level 3D printed Kibble balance has
been presented and evaluated analytically. The predicted results will inform the
production and testing of a prototype at NPL. The analysis has also highlighted
aspects of the design which will focus efforts on research and development to improve
performance and guide further research on balances intended for measuring masses at

the milligram-level.
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4.5 Manufactured Prototype System

Real Time
0 ter-

FIGURE 4.18: Assembled 3D printed Kibble balance prototype system.

Figure 4.18 shows the completed 3D printed Kibble balance system as setup in the
laboratory for testing and evaluation. The prototype was placed on a light-weight
plinth with the electronic subsystems, RTC, peripherals, and oscilloscope on an
adjacent bench. The laboratory air was temperature controlled to 22+1°C. A draft
shield was not used during evaluation and testing of the prototype system.

It was necessary to make several changes to the planned prototype design (section 4.2)
during the manufacturing and assembly process. The main elements of the
manufacturing process and important design changes are detailed in the following

subsections.

4.5.1 3D Printing

A Prusa i3 MK35S+ was used to manufacture several key components of the 3D
printed prototype balance including the support frame, moving frame, balance arms,
balance pan, encoder mount, and mass lift. Generic polylactic acid (PLA) filament in
combination with a 0.4 mm diameter print head was used for all components. The
components were drawn in SolidWorks and prepared for 3D printing using
PrusaSlicer Version 2.4.1+win64 software. The “g-code” print file settings included:
15% infill, brim on, and supports on build plate only. Other 3D print settings were
kept at their default values. All parts were finished using hand tools to remove excess
PLA, ensure holes of the correct size for the flexure bearings and to add threads to bolt

holes where needed, for example at the back or bottom of flexure clamps.
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4.5.2 Mass Lift

(A) Mass lift cradle. (B) Extended mass pan.

FIGURE 4.19: Mass lift component CAD models. 3D prints shown in figure 4.20.

The mass lift was a key component for automating the operation of the 3D printed
Kibble balance. It was not considered in the original design however only a few
modifications were required to integrate the existing Demonstration Balance mass lift
actuator and software into the prototype system.

A cradle for spherical masses (shown in figure 4.19a was designed to hang from the
actuator and the mass pan was modified (shown in figure 4.19b) to integrate with the
central hole in the cradle and allow for the maximum moving range of the actuator.
The actuator was attached to an adjustable arm mounted on a laboratory stand for
positioning and alignment in three dimensions. The mass lift software required a
reversal of direction to be implemented as the actuator was mounted in the opposite
orientation to the actuator on the Demonstration balance. This allowed all mass lift
operation commands written for the Demonstration balance to be utilised

immedjiately.

Figures 4.20a and 4.20b show the mass lift and modified mass pan in operation with a
Pale Blue spherical test mass. In “mass off” position the cradle is raised clear of the top
of the mass pan. In “mass on” position the cradle is lowered to approximately half
way down the mass pan extension. The hole in the centre of the mass lift cradle is
large enough to ensure the mass pan is not in contact with the cradle in this position.
Figure 4.20c shows how the mass lift cradle and actuator were mounted and
supported by a laboratory stand placed on a bench adjacent to the plinth the
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(A) Mass off. (B) Mass on. (c) Wide angle.

FIGURE 4.20: Mass lift system including mass lift cradle, actuator, adjustable support
arm and modified mass pan.

prototype was placed on. This ensured that any vibration caused by the movement of

the actuator would not affect the performance of the prototype.

4.5.3 Tare Mass

\ _

FIGURE 4.21: Brass tare weights counterbalancing the moving frame mass.
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M12 brass nuts and brass washers, shown in position in figure 4.21, were selected as
low cost tare masses for the end of each balance arm. The balance arm design was
updated to include “teeth” on the top and bottom surfaces as shown in figure 4.22.
These were sized and positioned to allow the M12 brass nuts to be threaded securely
onto the end of each arm and provide controlled adjustment in and out as required to
level the balance arms.

FIGURE 4.22: Updated balance arm CAD model that replaced part M in figure 4.2.
3D print shown in figure 4.21.

In the early stages of setting up and using the prototype balance it became clear that
the brass tare masses were not required. When using current in the coils to change the
balance offset position away from zero it was not possible move more than 0.3 mm
below zero when the brass tare masses were in use. This was due to the asymmetrical
nature of the current source used to supply the coils. The current source was originally
designed for the NPL Demonstration balance which has a moving frame mass of
approximately 200 g which is not permanently counterbalanced with physical masses.
On start up the Demonstration balance moving frame is naturally positioned below
the zero position due to the gravitational force on the moving frame being significantly
larger than the mechanical force due to the stiffness of the flexures. Therefore the
current source was designed to be uni-polar with a greater capacity to supply positive
current than negative current. In terms of an electromagnetic Kibble balance this
translates into a larger range of forces generated in the positive z-direction (pushing
upwards) than in the negative z-direction (pulling downwards). Therefore, using the
brass tare masses to offset the mass of the moving frame so that it was positioned close
to zero when no current was applied caused the unintended consequence that
movement in the downwards direction was limited. Increased motion in the negative
z-direction was achieved by removing the brass tare masses from the balance arms to

reduce the moving frame start position from 0.0 mm to -0.5 mm.
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FIGURE 4.23: Modified mass pan with non-magnetic material added to the centre.

A trial was also carried out with a nominal 28.5 g of non-magnetic material added to
the centre of the moving frame on a piece of studding screwed into the centre of the
mass pan (figure 4.23). This reduced the start position to -1.7 mm. However this
material was later removed as the additional mass appeared to cause instability
during the weighing phase of measurements.

454 Coils

The coils were manufactured at NPL using a bespoke stepper motor wire twisting
and winding system (Figure 4.24). This system was created in the mid-2010s for the
development of the Next Generation Kibble balance coils and was also used to
produce coils for the Demonstration Kibble balance. It is capable of producing
twisted-pair wire and coils (either single or bifilar) when setup in different

configurations.

In coil winding mode the software system takes a few variables to enable smooth
operation such as wire diameter, coil diameter, coil height, winding speed, and
starting position. During the coil winding procedure the operator must continually
apply epoxy resin and monitor that the wire is being placed neatly, making
adjustments where necessary. Both of these tasks were carried out using a small
wooden stick. The software calculates and reports a few variables during the process
such as the coil length and the current layer number. The software can be stopped or

paused during winding.

A new coil former was designed in SolidWorks and produced from aluminium bar
(Figure 4.25 and figure 4.24a). The diameter of the construction surface was designed
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(A) Coil winding configuration. (B) Wire twisting configuration.

FIGURE 4.24: NPL wire twisting and coil winding system.

FIGURE 4.25: Coil former CAD model. Shown in place on the coil winder stepper
motor in figure 4.24a.

to be fractions of a millimeter smaller than the required internal diameter of the
prototype coils (36.5 mm). This allowed a thin film of Kapton tape and a layer of
Teflon sheet to be placed underneath the coil during construction. This, plus the
ability to clamp the end of the former in a vice and squeeze the central gap, facilitated
removal of the coil from the former after the epoxy resin had cured.
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FIGURE 4.26: Co-wound single wire tare coil and bifilar main coils. Part ] in figure 4.3.

The prototype coils (shown in figure 4.26) were all made from 0.125 mm diameter
coated copper wire and Araldite® Ultra Strong epoxy resin. The tare coil was wound
directly from a single strand. The main coils were made from a twisted-pair of the
same wire. The methodology for the coil construction was adapted to take into
account the co-location of the tare and main coils and the requirement for the loose

ends of all the wires to finish at a similar location at one end of the coil.

The single wire tare coil was wound first. It was approximately 10 mm high and had
two layers. The main coils were wound on top of the tare coil immediately. This was
to maximise the chance of adhesion between all the coils. The main coil was
approximately 15 mm in height and consisted of six layers. The intention had been to
wind more layers on to the main coil however it was difficult to prevent the bifiar wire
from spreading. The coil was finished after six layers to minimise the increase in
height and ensure a suitable range of motion inside the magnet. The coils were left in
position on the winding system for the epoxy resin to cure over night. The measured
resistance of the main coils was approximately 40 () per coil and the measured
resistance of the tare coil was approximately 28 (). The resistance per meter of the wire
(ocu/ A) was approximately 1.4 Om™ calculated from its cross-sectional area

(A = 7tr? 21.227x10~8m?) and the resistivity of copper (oc, =1.68x10~% Qdm). The
measured resistances indicated an approximate length of 28 m for the main coils and
20 m for the tare coil including the additional connection wires. Approximately 2m of
connection wire was retained per coil. Therefore, all coils were slightly longer than
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originally planned in the design (section 4.2.1) with the main coils 8% longer and the
tare coil 20% longer.

FIGURE 4.27: 3D printed coil alignment mandrel (left) and the moving frame (right)
after attaching the coils.

The coils were glued into position on the bottom of the moving frame using Araldite®
Ultra Strong epoxy resin and a 3D printed mandrel for alignment (Figure 4.27.) It was
imperative to ensure that the coils were affixed concentrically and parallel with the
moving frame to prevent fouling on the magnet. The 3D printed mandrel was coated
in a layer of polytetrafluoroethylene (PTFE) tape to ensure that the moving frame and
coils could be removed once the resin had cured.

4.5.5 Electrical Connections

To ensure a reliable electrical connection of the coils to the electronics box a wire
connection plate was designed, printed, and bolted to the support frame of the
prototype. It was located in a convenient position to allow the wires from the coils to
be routed safely past moving parts of the balance. The wires were loosely coiled to
prevent any external force being applied to the moving frame and also to reduce the
chance of wires snapping or becoming damaged while the prototype was in use. The
plate was designed to accommodate four-pin circular push-pull electrical connectors,
one for each coil. The tare coil was connected to the central connector and the main

coils on each end.
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FIGURE 4.28: Wire connection plate CAD model. 3D print shown attached to the
prototype in figure 4.21.

4.5.6 Alignment

On initial assembly and integration of the prototype the performance of the
mechanical system was not as expected, specifically its motion did not conform to
Simple Harmonic Motion (SHM). A number likely causes were discovered and
remedial actions taken. These included repair of a broken flexure bearing clamp,
removal of PLA “whiskers” (fine needle-like fragments of PLA produced during 3D
printing) from the flexure bearings, and removal of a stray washer from inside the

magnet gap!

After the improvements were made the alignment of the coil inside the magnet was
checked. Although the coils did not appear to be fouling on the magnet they were
hanging off-centre. After testing the motion of the mechanical system without the
magnet in place it was decided to remove the magnet from its holder. As the
alignment of the coils inside the magnet and the motion of the mechanical system are
both critical components of the performance of this device an alternative solution for
aligning the coils and magnet was created. As shown in figure 4.18 the support frame
was firmly secured to an optical board in a raised position using posts and clamps.
The magnet was positioned underneath the coil on a laboratory jack with the facility
to adjust its level as well as its height. The optical board base was leveled using a
bubble level. The laboratory jack platform was found to be level without adjustment.
The magnet and coils were aligned concentrically by eye from above. In this
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configuration the mechanical system performed as expected. Measurements of the
mechanical spring constant of the system are presented in section 5.1.1.

It is possible that the magnet holder could be reintroduced in future iterations of the
prototype. An investigation of the manufacturing tolerances will need to be carried
out and the 3D printed parts designs updated accordingly. This was not carried out as
part of this work due to time constraints.

4.6 Balance Control Software

The software used to operate and control the prototype balance is called Nessus-2. It is
in-house software that has been in use and developed by NPL since the early 1990s
[106]. It is written in Modula-2 and complied using XDS-C Modula-2 compiler. This is
a “via C” type compiler that produces source code which is subsequently compiled by
the Free Software GNU Compiler Collection (GCC).

Nessus-2 is a multitasking interpreter based program designed around two data
structures: a stack and a dictionary library. Multiple instances of an interpreter can
run simultaneously each with access to the same dictionary but maintaining an
independent stack. The dictionary contains all the variables and procedures that can
be accessed and the stack stores the input and output values of calculations and
computations. The user inputs commands and receives information through a
command-line style interface. The interpreter language has a similar style to
PostScript [107].

Nessus-2 is capable of executing Modula-2 code in real-time through a separate
program called RTS (Real Time System). This is essential for the operation of the
balance and to facilitate the collection of data at known times. The purpose of RTS is
to setup a periodic call to a single routine that carries out all real-time operations on
behalf of Nessus-2 by calling relevant sub-routines. This is an interrupt driven system
and communication between the two programs is via shared memory blocks.
Although separate, the source code for RTS is contained within the source code for
Nessus-2. A compiler flag is used to denote which parts of the code should be

included in each program.



111

Chapter 5

Testing and Calibration

Kibble balances are complex instruments that require several independent subsystems
to be setup, calibrated, and tested prior to making mass measurements. As part of the
setup process it is necessary to measure properties and characteristics of the balance
including interactions between subsystems. These preparatory steps assist with
optimising the performance of the balance and facilitate the collection of data
necessary for estimating Type B uncertainty contributions. This work also allows

verification of the design predictions included in chapter 4.

5.1 Prototype Stiffness Characterisation

In this section the stiffness characteristics of the prototype guidance mechanism were
measured for the purposes of setup and verification of the design predictions in

chapter 4.

5.1.1 Mechanical System Spring Constant

The total spring constant of the guidance system was measured and compared with

an analytical calculation to verify the accuracy of the design predictions in chapter 4.

Practical Measurement

By assuming that the mechanical system of the prototype behaves according to the
principles of Simple Harmonic Motion (SHM) the total spring constant of the system

can be determined by measuring the natural frequency of motion of the moving frame.
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1 K

K = (27f)*m (5.2)

Where f is frequency, x is spring constant and m is mass.

The prototype balance was setup as shown in figure 4.12 where I, was equal to 50 mm.
Brass nuts and washers were used as tare masses at the end of each arm to suspend
the moving frame with the arms in the horizontal position. In this configuration the
tare mass applied to each prototype arm (m;) is equal to half of the moving frame
mass (0.5m,,¢). The sum of tare mass applied to each arm is equal to the mass of the
moving frame. The tare masses were measured using a Kern KB1200-2N table-top
digital mass scale (s/n W 1305827) with a 10 mg resolution.

TABLE 5.1: Measured tare mass m; values and calculated moving frame mass m,, ¢
used in spring constant x calculation.

Tare Mass m Tare Mass mi;; Total m,, f
g g g
28.16 28.01 56.17

The total moving frame mass of 56.17 g is approximately 30% less than the estimated
value (80 g) calculated on page 76 during the design process. This is most likely to be
due to an error in the assumed density of the 3D printed material and/or the volume
of the 3D printed parts.

The natural frequency of the motion of the moving frame was measured using a
Siglent SDS1204-E oscilloscope (s/n SDSMMEBX3R2603). The moving frame position
indicated by the Renishaw linear encoder (Nessus-2 variable “fracmm”) was observed
on the oscilloscope. The tare and weighing coils were disconnected from the
electronics box and the software was in an idle state to prevent interference from
non-mechanical forces. Starting from stationary each time the moving frame was
displaced in the negative z direction and released. The resulting oscillation frequency
was measured using the oscilloscope “stop” function. The equilibrium position of the
moving frame between runs was monitored to ensure the system was behaving like a
spring, specifically that the frame returned to the same resting position each time as
per a mass on a spring moving according to SHM.
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TABLE 5.2: Results from the measurement of the natural frequency f of the mechanical

system.
Residual equilibrium
Run Frequency f posictlion
- Hz um
1 6.13 -0.59
2 6.11 0.77
3 6.12 -0.59
4 6.12 0.47
5 6.11 -0.07
6 6.12 -0.21

The mean natural frequency of 6.12 Hz was calculated from the results in table 5.2.
The spring constant x was calculated to be 83.0 Nm~! according to equation 5.2 using
the mass of the moving frame from table 5.1 and the average natural frequency from
table 5.2. This value was approximately 33% higher than predicted from the analytical
evaluation of the prototype design (62.15Nm™1).

The cause of the 33% difference between the measured and predicted mechanical
spring constants is not immediately clear. Perhaps the stiffness of the pivot bearing
clamps contributed more significantly to the force on the moving frame than implied
by the theory in section 4.4.3.

The higher spring constant of the mechanical system will have a negative impact on
the mass sensitivity of the prototype balance by increasing the predicted mass
resolution from 0.127 mg to 0.169 mg. The effect of this difference in mass resolution
on measurement uncertainty will be minimal for this prototype design (balance arm
length I, =50 mm) as demonstrated by the predicted uncertainty results presented in
tigure 4.16.

5.1.2 Force Profile

The forces acting on the moving frame of a Kibble balance are a combination of local
gravity and spring force from the mechanical guidance system. The “force profile” of
a Kibble balance is the amount of force required to hold the moving frame at each
position along the z-axis over its moving range. The Nessus-2 Kibble balance software
includes a “tare compensation” system that is designed to negate the force profile of
the balance during measurements by applying an opposing force depending on the
moving frame position. It does this by flowing the appropriate current through the

tare coil.

As described in section 4.5.3, the prototype balance was setup without external tare
masses for routine operation (weighing and moving phases). Therefore, the brass nuts
and washers used in section 5.1.1 were removed.



114 Chapter 5. Testing and Calibration

The force profile of the prototype was determined using two independent methods. A
manual method using physical weights to apply a force and an automated software
routine using subsystems of the prototype balance.

Manual

Standard weights from set NPLW3465 were used to deflect the moving frame by
applying the known force F = mg where m is the calibrated mass of the standard
weight and g is local gravity (9.81 ms~2). This method was performed over the range 0
to -0.05 mm using weights between 50 mg and 1000 mg.

Automatic

DMTMeasF was the Nessus-2 software routine that controlled the position of the
moving carriage by supplying current to a main coil. Current measurements were
collected at specified z-axis positions. Current was converted to force using the BL
product of main coil 1 in the magnetic field. This routine required that the weighing
servo system was capable of holding the moving frame position stable to within a few
micrometers over the range of positions specified. The range of motion was limited by
the maximum current (60 mA) that could be applied to the coil, the length of the coil
inside the magnetic field and the stiffness coefficient of the flexures. Data was

collected over the range 0.4 mm.

Results

Figure 5.1 shows the force profile data collected from the manual and automatic
methods. The manual method data was fitted by a linear regression and this fit is
shown extrapolated to £0.5 mm. The automated force profile 231011a was a close
match to the gradient of the data collected manually using weight set NPLW3465 in
the region up to £0.2 mm. Beyond this range the force profiles do not match. It is
unclear why the gradient of force profile 231011a increases significantly and abruptly
at £0.2 mm. However this was a repeatable observation.

When tested both the gradient from NPLW3465 and force profile 231011a were
unsuccessful in producing stability for the weighing servo system. Specifically, a
driven oscillation of the moving frame was produced which meant that it was

impossible to collect weighing data.

The NPLW3465 gradient profile was adjusted in the software by trial and error to find
a force profile that produced the required outcome. A profile with 50% of the gradient
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FIGURE 5.1: 3D printed prototype system force profile. The black squares show the
data collected using weight set NPLW3465, the black dashed and dotted lines are 100%
and 50% of the linear gradient of the weight set data respectively, and the orange line
is the force profile collected by the automated software routine on 11th October 2023.

of the NPLW3465 profile successfully produced stability for the weighing servo

system and allowed weighing data to be collected.

The total spring constant of the guidance mechanism was estimated from the force
profile data. By assuming that the guidance mechanism behaved according to simple
harmonic motion (F = xz) the spring constant x was calculated by performing a linear
regression on the force profile datasets. The calculated values of the spring constant
for the manual data set and the automatic force profile between +0.2 mm were very
similar, 232 Nm~! and 238 Nm~! respectively (approximately +184% higher than
measured in section 5.1.1 and +278% higher than predicted). The calculated spring
constants for the automatic force profile outside of the central 0.4 mm were higher,
305Nm ! from -0.4 mm to -0.2mm and 361 Nm ! from +0.2 mm to +0.4 mm
(approximately +300% higher than measured in section 5.1.1 and +436% higher than
predicted). The large discrepancy observed between the measured spring constant in
section 5.1.1 and the spring constants calculated from the force profile data may be
due to the difference in mechanical system setup between the two tests. For the
mechanical measurements in section 5.1.1 the mass of the moving frame was counter
balanced by external tare masses attached to the balance arms. This was the
configuration assumed for analytical evaluation of the prototype design. For the force
profile measurements in this section (5.1.2) the external tare masses were removed.
Examples in the literature [108][109][110] have shown that adding or adjusting the
position of “trim” masses on a balance mechanism can reduce the total apparent
stiffness of the system. Therefore, it is possible that by removing the tare masses from
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the balance arms of the prototype the apparent stiffness of the system was increased.

Further work will need to be carried out to test this hypothesis.

5.1.3 Summary

TABLE 5.3: Summary of predicted and measured spring constants x of the guidance

mechanism system.

ID Measurement Range z Spring Constant x

- mm Nm!

Predicted Not applicable 62.15
Mechanical Measurement Not recorded 83.0
Manual Force Profile -0.05t0 0.0 232
Automatic Force Profile -0.2 to +0.2 238
Automatic Force Profile -0.4to-0.2 305
Automatic Force Profile +0.2 to +0.4 361

The spring constant results measured in this chapter are summarised in table 5.3.
These results highlight that the material properties and mechanical design should be
carefully considered when scaling to MEMS where minimising flexure stiffness

becomes increasingly important for reducing uncertainty as shown by figure 4.17.

Further work will need to be carried out to determine why the measured spring
constant of the prototype was higher than predicted in both balance configurations. A
dynamic analysis of the guidance mechanism according to principles detailed in [111]

and [112] should be considered for future work.

5.2 Subsystem Calibration

The following subsystems were calibrated to determine constant values required for
the calculation of mass and its associated uncertainty from the data collected by the

prototype balance.

5.2.1 Voltmeter

The prototype balance voltmeter was based on a Thaler Corporation ADC180
Programmable Integrating Analogue to Digital (A /D) Converter. It was configured to
work in two gain modes. In “low” gain mode measurements are made by the Thaler
ADC180 directly with a nominal gain of 1. In “high” gain mode the voltage signal was
passed through a pre-amplifier with a nominal gain of 1005 prior to being measured
by the Thaler ADC180. The pre-amplifier was an EM Electronics DC Amplifier
Model A22 and was switched in and out of the voltage measurement circuit using
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relay switches. Low gain mode was used during the weighing phases of the prototype
balance mass measurements and high gain mode was used during the moving phases.
Two separate calibrations of the prototype balance voltmeter were performed, one in

each gain mode.

Description

The Thaler ADC180 has a 4-10.48 V full scale input range with a 26-bit resolution. It is
capable of continuous sampling of 20 MHz with an integration time as programmed
by the user [113]. An integration time of two seconds was selected for all voltage

measurements in this work.

The EM DC A22 is a low noise amplifier module designed specifically for low signal

DC voltage measurements [114].

Low Gain Calibration Method

- = —

|
l 1 ADC180

JUA | |

L

EB2 low gain J

HP

FIGURE 5.2: Connection diagram for the calibration of the prototype balance ADC180

voltmeter (EB2) in low gain mode against a Josephson Junction Array (JJA) primary

voltage source. HP nanovoltmeter shown was used to determine the Josephson Volt-
age step number .

The prototype balance ADC180 voltmeter (Electronics Box s/n 2, EB2) in low gain
mode was calibrated against a primary voltage standard known as a Josephson
Junction Array (JJA).

JJAs produce stable quantised voltage steps that are traceable to the SI system of
units. They are based on superconducting junctions that operate at the temperature of
liquid helium (4 K). The output voltage V} is dependant only upon the integer step
number 7, the driving frequency f, elementary charge e, and the Plank constant
[115].
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nfh
Vi = —+— 5.3
1= g (5.3)
The calibration was carried out from +5V to -5V and sampled at 0.5V intervals. This
range was selected as the expected range of voltage values for this work.
Approximately 24 voltage readings were recorded at each 0.5V measurement step by
the voltmeter under test. The whole measurement run took approximately 16 minutes

and was repeated 10 times.

A Nessus-2 software routine (MNCDMeasVseq) was written to collect data from the
voltmeter under test. For each voltage measurement the following information was
recorded: Modified Julian Date (MJD), nominal gain, ADC180 result index,
integration gate time, indicated voltage, and the difference between the current

indicated voltage and the previous indicated voltage.

The output voltage of NPL’s JJA during the calibration was calculated using data
from an EIP Model 578B locking frequency counter (s/n2021-1539) and a HP 34420A
nanovoltmeter (s/n US36000721). The frequency counter was used to monitor the
driving frequency f of the JJA and the nanovoltmeter was used to determine the
integer step number n of the output voltage. This reference data was recorded every 3

to 4 seconds during the calibration.

n =sgn (ngp) | |[ngp| +0.5] = —sgn (ngp) [— [nup| — 0.5] (5.4)
Vi
NHp = Vljp (5.5)
step
h
Vstep = ];7 (5.6)

Where npp is the non-integer step number of the Josephson voltage according to the
HP nanovoltmeter, Vgp is the HP nanovoltmeter indicated voltage,
h =6.62607015 x 1073*J-s and e = 1.602 176 634 x 10717 C [34].

The average measured driving frequency f = 76917.0 MHz was used in equation 5.6
to calculate the step voltage Vsep ~ 159 uV.

The timestamp recorded on the reference data set was used to assign the correct
Josephson Step number 1 to each data point recorded by the voltmeter under test. The
reference voltage for each measurement was calculated by multiplying Viep by the
assigned n.
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Low Gain Results

The gain and the offset of the voltmeter under test were determined by fitting a
straight line (linear regression) to the indicated voltage V;,; against the applied

Josephson voltage V} for each £5V measurement sequence. The “least squares’

method was used.

EB2 Indicated / V
o
T
|

Josephson Voltage / V

FIGURE 5.3: EB2 voltmeter low gain calibration data from +5V to -5 V. RunID 01.
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FIGURE 5.4: EB2 voltmeter low gain offset (V;,,; — V}) from +5V to -5V. RunID 01.
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TABLE 5.4: A summary of EB2 voltmeter low gain calibration results.

Run ID Gain Gain Standard Offset Offset Standard
Error Error

- - ppm v nv
00 1.000257 0.9 -0.0207 2.7
01 1.000 285 1.2 -0.0209 3.6
02 1.000 249 1.0 -0.0211 3.1
03 1.000 246 0.7 -0.0212 2.2
04 1.000237 0.9 -0.0211 2.7
05 1.000227 1.2 -0.0211 3.8
06 1.000 229 1.3 -0.0210 3.9
07 1.000224 1.2 -0.0210 3.6
08 1.000224 1.2 -0.0210 3.6
09 1.000227 1.1 -0.0210 34

Figures 5.3 and 5.4 are plots of the voltage data collected during calibration runID 01.
These plots are typical of the data collected during this calibration.

Table 5.4 contains the calculated gain and offset for each calibration run. The mean of
the gain Gggor, was 1.000 241 with a standard deviation of 0.000 018. This result shows
that the gain of the EB2 voltmeter was stable over the calibration period. The mean
offset was -21.0mV. As shown in figure 5.4 the offset was variable with an average
linear gradient of 0.24 mV /V. The magnitude of the offset and its variability with
voltage were both larger than expected indicating a possible fault with the Thaler
ADC180 which requires further investigation. The methods of measuring by
difference in both weighing and moving phases will negate the majority of the offset
however the gradient will need to be included the uncertainty budget as a known
source of error (0.002 4%).

Low Gain Uncertainty Budget

TABLE 5.5: EB2 voltmeter low gain calibration uncertainty budget.

Unc.
Note| Contribution Value Unit (kU fci) Unit | Distribution| Sensitivity | (k =1) %
o \%
i | Low gain coeffi- |y 00041 | | 583606 | - 1 159E-04 | 93E-10 | 0%
cient Type A
ii | Voltmeter offset 2 V | 480E-04 | V 1 1 4.8E-04 | 90%
iii | JJA frequency 76917000000, Hz 5 Hz 1 2.07E-15 1.0E-14 | 0%
iv | JJA step number 1 - 1 - 1 1.59E-04 1.6E-04 | 10%
Total o
k=1)V 0.0005 | 100%

As shown in table 5.5 the total uncertainty of the EB2 voltmeter calibration was
calculated to be 0.5mV at k = 1. The low gain coefficient type A uncertainty was
calculated from the gain calibration results according to the equation for standard

error of the mean.
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U=— (5.7)

where u is the standard uncertainty, ¢ is the standard deviation of the mean, and N is

the number of data points.

A maximum of 2V difference between measured values in the two mass states has
been assumed to calculate the uncertainty due to variable offset of the voltmeter
observed in figure 5.4. An uncertainty of 5 Hz has been allocated to the frequency
source applied to the JJA during the calibration. The HP nanovoltmeter used to
determine the step number of the JJA during the calibration had a 50 4V offset. As
this offset was ~3 times smaller than the step voltage of ~ 159 iV it was assumed that

the maximum error in step number could only be a single step.

High Gain Calibration Method

The prototype balance EB2 voltmeter in high gain mode ( ADC180 plus A22) was
calibrated using a Keysight 3458 A multimeter (s/n MY45053792), a Fluke 720A
Kelvin-Varley voltage divider (s/n FL720A-1 2525002 VOLT) and a Time Electronics
Type 2003 0.05% grade battery powered voltage source. The calibration was carried
out in two steps.

Stage 1

The 3458 A multimeter was calibrated against the EB2 voltmeter in low gain mode at
the following voltage values £1V, £4V, £6V, and £10 V. The battery powered voltage
source was connected to the 3458A and EB2 in parallel as shown in figure 5.5a. The
3458A was set to indicate average readings over 500 power line cycles (approximately
10 seconds). The EB2 was set to record voltage measurements every 2 seconds using
the Nessus-2 software routine MNCDMeasVseq. The voltage source was changed to a
new value every 2 minutes. The 3458A indication was recorded after approximately 1
minute 40 seconds of stabilisation time. The average of 5 readings recorded by the EB2
voltmeter were calculated for each voltage. These were selected to be at a time close to
when the 3458A indication was recorded. The results are presented in table 5.6.
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Voltage L ADC180
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3458A

(A) Stage 1: Connection diagram for 3458A multimeter calibration against the EB2 ( ADC180)
voltmeter in low gain mode.

720A !
Voltage ADC180 | |
Source

EB2 high gain |

—_

3458A

(B) Stage 2: Connection diagram for the EB2 ( ADC180) voltmeter calibration in high gain mode
showing the source voltage attenuation by the 720A voltage divider and subsequent amplifica-
tion by the A22 pre-amplifier.

FIGURE 5.5: Connection diagrams for the two stages of the calibration of the prototype
balance EB2 voltmeter ( ADC180) in high gain mode.

TABLE 5.6: 3458A calibration against the EB2 voltmeter in low gain mode over the

range =10V.
Nominal | EB2 Low Gain Ind 3458A Ind Average EB2 Corr Average 3458A
Vv Vv Vv % v
S U 9997500 0995523 0997513
< <o 596272 599653 5998253
_j jﬁgg ;SOS _g:ggg igg 3.9975 14 3.998 452
_1 _?3317 (7)565 _8333 15132 0.999 185 0.999 433
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The positive and negative indicated voltage values for each voltmeter were combined

to remove instrument voltage offset from the calibration.

2V :(V-i- + Vo) - (V— + Vo) (5-8)
Wy =V, — V_ (5.9)
Vao :¥ (510)

Where V,, is average voltage, V, is positive voltage, V_ is negative voltage, and V} is
offset voltage.

V{l v

Vcorr = @

(5.11)
Where V., is corrected voltage, G is the gain coefficient, and D is the input division
ratio.

The average EB2 data were corrected according to equation 5.11 using gain coefficient
Gepar calculated during the low gain calibration and input division ratio D of 1. The
gain of the 3458 A was determined by fitting a straight line (linear regression) to the
final two columns in table 5.6. The calculated gain Gzssg4 was 1.000 230 with a
standard error of 2.2 ppm.

Stage 2

The EB2 voltmeter in high gain mode was calibrated using the 720A voltage divider
and the calibrated 3458 A multimeter. The battery powered voltage source was
connected to the 3458A and the input of the 720A voltage divider in parallel. The
720A was adjusted following the manufacturer’s procedure and checked against the
linearity of the 3458A prior to use. The division by 1000 was found to be accurate to
within 3 ppm. The output of the 720A was connected to the input of the EB2 in high
gain mode. The above measurement sequence at £1V, £4V, £6V, and £10V was
repeated in the new connection configuration. The results are presented in table 5.7.

The average 3458A data were corrected according to equation 5.11 using gain
coefficient Gz4534 calculated during the first stage of this high gain calibration and
input division ratio of 1000 from the 720A voltage divider. The gain of the EB2
voltmeter in high gain mode was determined by fitting a straight line (linear
regression) to the final two columns in table 5.7. The calculated gain Gggoy was
1004.401 with a standard error of 3.6 ppm.
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TABLE 5.7: EB2 voltmeter in high gain mode calibration against the 3458A over the

range =10V
Nominal 3458A Ind EB2 High Gain Ind | Average 3458A Corr Average EB2
v A v v v
T T o T00iTeS 0995 855 10039564
_2 _gggz ;g: _28533 gg; 5.996 901 6.023317
= o9853 oTeod 3.997 632 4015238
1 _8;333 igg _1:8(1)2 gg 0.999248 1.003 634

High Gain Uncertainty Budget

TABLE 5.8: EB2 voltmeter high gain calibration uncertainty budget.

Unc.
Note| Contribution Value Unit (]:J I_mi) Unit | Distribution| Sensitivity | (k =1) %
- v
i | Low gain coeffi- |y 0041 || 583606 | - 1 158E-07 | 92E-13 | 0%
cient Type A
ii | Voltmeter offset 0.6 V [ 144E04 | V 1 9.96E-04 | LAE07 | 45%
ii | JJAfrequency | 76917000000 Hz 5 Hz 1 2.06E-18_| 1.0E-17 | 0%
iv_| JJA step number 1 - 1 - 1 158E-07 | 1.6E-07 | 55%
v | High gaincoeffi- 4000 451 | L | 0005 | - 1 595E-10 | 3.1E-12 | 0%
cient Type A
Total o
k=1 | 21E07 | 100%

As shown in table 5.8 the total uncertainty of the EB2 voltmeter calibration in high
gain mode was calculated to be 0.2 4V at k = 1. This calculation included the low gain
calibration contributions (low gain coefficient type A, JJA frequency and JJA step
number) as in table 5.5 in addition to an updated voltmeter offset contribution and a
high gain coefficient contribution. A maximum of 0.6 V difference between measured
induced voltage in the two moving directions (V. — V_) has been assumed to
calculate the uncertainty due to variable offset of the voltmeter observed in figure 5.4.

TABLE 5.9: Pre-amplifier calibration uncertainty budget.

Note| Contribution Value Unit (kU Eci) Unit | Distribution| Sensitivity (kU Eci) %
i iﬁz gainfiter- | 500401 | - | 0.003589691 | - 1 1 3.6E-03 | 48%
ii | 720A divider 1000 : 0.003 - 1 1 3.0B-03 | 34%
iii iffff gain fit | ho003003| - | 217138806 | - 1 999.540 | 2.2E-03 | 18%
iv fffA resolu- | 000001 | V| 00000005 | V 1.732 999.540 | 2.9E-04 | 0%
Total o
ke1) 0.005 | 100%

The high gain coefficient uncertainty was calculated to be approximately 5 ppm as

shown in table 5.9. Contributions include 3.6 ppm from the standard error of the
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gradient from the linear fit of the calibration data for Gggy in stage 2, 3 ppm for the
maximum error of 720A voltage divider, 2.2 ppm for the standard error of the gradient
of the linear fit of the calibration data for Gasg4 in stage 1.

Summary

The calibration coefficients in low gain and high gain mode were determined to a high
level of accuracy with traceability to the SI unit of voltage. The results of these
calibrations show that the prototype voltmeter was capable of meeting the

measurement requirements for this work.

5.2.2 Resistor

As discussed in section 3.1, a Kibble balance in weighing phase measures the current

passing through the weighing coil by using a resistor to convert current Iy to voltage
Viv. Therefore the value of the resistor R used needs to be known accurately in order

to calculate mass.

Description

The resistor included in the prototype balance electronics box (s/n 2, EB2) for the
purpose of converting current in the weighing coil Iy to voltage Vyy is a UFPB100RV
TE Connectivity high precision metal film leaded resistor with a nominal value of
100 Q). It is specified with a 0.02% resistance tolerance, a Temperature Coefficient of
Resistance (TCR) of 5 ppm/°C, and a 0.5W power rating [116].

Calibration Method

The resistor under test was calibrated in-situ on the coil control board inside the
electronics enclosure with the lid removed. An Isotech microK Resistance Bridge
(s/n381482/1) and a Tinsley 100 () Standard Resistor Model 5685A (s/n267732) were
used to carry out the calibration. Each of the 4-wire channels on the microK resistance
bridge was setup to measure against its internal 100 ) resistor using a 1 mA sensing
current. The rolling average and standard deviation of up to 100 readings for each

channel was continuously displayed.

Channel 2 was used to measure the resistor under test. See below for connection
details. Channel 3 was used to measure the 5685A standard resistor. Channel 1 was

used to measure the temperature of the 5685A standard resistor using a Platinum
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Resistance Thermometer (PRT) (s/n 14/10286-07) with a recent calibration (certificate
number 2023070242 /4 /PMO04).

The microK bridge internal 100 () resistor was adjusted using the 5685A standard
resistor (certificate number 2023070375-2 (RM 35.179)) according to the

manufacturer’s procedure prior to starting calibration measurements.

The calibration was carried out at two temperatures 20°C and 22.5°C. This was
achieved by changing the air temperature of the laboratory and allowing the
equipment to equilibrate at measurement conditions for a minimum of 16 hours.

Connection Details

The resistor under test was connected to the microK bridge using a 4-wire connection.
The 4-wire voltage sense was connected directly to the resistor terminals using
connection point SK19 on the coil control board. The 4-wire current input was
connected through SK18 which usually connects the current source to the coils. A
relay was operated such that weighing coil 1 was switched into moving mode and
therefore weighing coil 2 was in weighing mode. A shorting connector was used on
SK15 to complete the circuit.

Results
TABLE 5.10: Resistor calibration data.
5685A 5685A 5685A 5685A microK EB2 EB2 EB2
Temp. T Indicated | Standard Certified | Corretion | Indicated | Standard Corrected
p- Average | Deviation | Value Rt Reore(T) Average | Deviation
°C (@) (@) (@) Q QO (@) Q

19.934 99.999617 | 0.000012 99.999615 | -0.000002 | 99.992856 | 0.000039 | 99.992 854
19.935 99.999614 | 0.000011 99.999615 | +0.000001 | 99.992970 | 0.000016 | 99.992971
22.442 100.000070 | 0.000011 | 100.000071 | -0.000002 | 99.993139 | 0.000014 | 99.993137
22.452 100.000075 | 0.000010 | 100.000076 | +0.000001 | 99.993138 | 0.000011 | 99.993139

TABLE 5.11: Resistor Temperature Coefficient of Resistance (TCR) data.

Average Average Temperature Temperature
Resistor ID Temperature Resistance Coefficient of Coefficient of
Difference Difference Resistance Resistance
- °C (@) Q/°C ppm
5685A 2.512 0.000458 0.000 18249 1.82
EB2 2.512 0.000225 0.000089 75 0.90

The TCR of the 5685A standard resistor and the resistor under test were determined
using an average of the data in table 5.10. For this calculation, the temperature of the
resistor under test was assumed to be the same as the temperature of the 5685A
standard resistor. The results show that both resistors have a very low TCR consistent
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with their respective manufacturer specifications, 5 ppm/°C [116] and 2 ppm/°C
[117].

The calculated TCR for the 5685A standard resistor of 1.82 ppm/°C was used in
conjunction with its certified resistance value at 20°C to calculate a correction for the

indicated values on the microK bridge as per equations 5.12 and 5.13.

Ry = Rogec + (T — 20)a (5.12)

Where R is the value of the 5685A standard resistor at temperature T in °C, and Rpp-c
is the certified resistance value at 20°C and « is the TCR of the 5685A standard resistor
in (3/°C respectively.

Rcorr(T) = Rind(T) — Rt (513)

Where Ry (T) is the resistance correction, R;,;(T) is the indicated value of the 5685A
standard reference resistor and Ry is the calculated reference value of the 5685A

standard reference resistor at temperature T.

The resistance of the resistor under test at 20°C was calculated to be 99.992 919 () using
average values of the results in table 5.10 and the measured TCR in table 5.11.

Uncertainty Budget

TABLE 5.12: EB2 100 () resistor calibration uncertainty budget.

Unc.
Note| Contribution Value | Unit (]:J Eci) Unit | Distribution| Sensitivity | (k =1) %
@)
i EB2 Resistor - Type 99.9929 QO 1.60E-06 Q 1 1 1.6E-06 0%
A
ii | EB2 Resistor - 20 °C 5 °C 1 0.0005 2.5E-03 | 100%
Temperature
iii | Standard Resistor - 99.9996 | Q | 5.00E-06 | Q 2 1 25E-06 | 0%
Calibration
iv Standard Resistor - 20 °C 0.005 °C 2 0.0002 5.0E-07 0%
Temperature
Coefficient
v Standard Resistor - 20 °C 0.05 °C 1 0.0002 1.0E-05 | 0%
Temperature
Coefficient Error
Total 14 0025 | 100%
k=1)Q ’

The total uncertainty of the prototype resistor calibration was calculated to be
~25ppm at k = 1 including contributions due to the type A uncertainties of the
measurements, the properties of the resistors, and the environmental conditions as
shown in table 5.12.
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The temperature of the prototype balance resistor was not measured directly during
this calibration procedure. It is likely that it was not at exactly the same temperature
as the 5685A standard reference resistor. However it can be assumed that it was at a
temperature that could be considered typical during “normal” operation (20 £5°C). A
value of 5 ppm/°C has been assumed as a conservative estimate of the TCR. The
calculated TCR of 0.90 ppm/°C has not been used as this appears to be an
underestimate and the temperature of resistor was not measured directly. For future
work it is advised to measure the temperature variation within the electronics box
during operation of the prototype balance. This will allow a more accurate estimate of
error due to temperature variation of the resistor. Ideally, the calibration procedure
should be repeated with a PRT allocated specifically to measure the temperature of

the resistor under test.

Summary

The results of this calibration show that the prototype balance 100 (2 resistor meets its
specification. The measured resistance of 99.992 919 () was within 0.02% of nominal
value and its measured TCR of 0.90 ppm/°C was below 5 ppm/°C quoted on the
UFPB100RYV data sheet [116].

5.2.3 Frequency Counter

The prototype balance uses a frequency counter (s/n Counter 2) to analyse the signal
received from the optical encoder used to observe the linear scale attached to the
moving frame. During the weighing phase this subsystem is used to record the
position of the moving frame and during the moving phase it is used to measure the

velocity of the moving frame.

Description

The counter under test is designed to accept two sinusoidal signals with a phase shift
of 90° from either a laser interferometer or an incremental encoder. The prototype uses
a Renishaw TONiC™Incremental Encoder for position and velocity measurement.

This device outputs two sinusoidal signals of 1 Vpp with a 90° phase shift.

Calibration Method

A Siglent SDG2042X Function Generator (s/n SDG2XCA2161285) was used to supply
signals of known characteristics to the counter under test. A Tektronics FCA3100



5.2.  Subsystem Calibration 129

Frequency Counter (s/n 338622) was used to measure the frequency output of the
SDG2042X. A Stanford Research Systems (SRS) FS752 GNSS 10 MHz Reference (s/n
75200023) was used as the external reference for both the SDG2042X and the FCA3100.
The FS752 GNSS 10 MHz reference was used in conjunction with an SRS FS730
Distribution Amplifier (s/n 141087) to allow multiple references to be supplied
simultaneously. Three checks of this system were performed prior to starting

measurements of the counter under test.

Firstly, the FCA3100 frequency counter was used to compare the output signal of the
FS752 GNSS 10 MHZz reference with the NPL Maser 10 MHz Reference Signal. The
result was 10.000 000 000 £ 0.000 000 001 MHz measured with a 2s gate time.
Agreement to 1 part in 10!° between the two references meant that either could be
used as the external standard for this calibration. The signals supplied by each
reference were observed on an oscilloscope. The FS752 GNSS reference signal had a
higher amplitude (1 Vpp) than the NPL Mazer reference signal (20 mVpp). The FS752

was selected for use a it had a higher amplitude signal.

Secondly, the FCA3100 frequency counter was used to compare the output channels of
the FS730 distribution amplifier. The result was

10.000 000 000 01 4= 0.000 000 000 10 MHz measured with a 2 s gate time. Agreement to
1 part in 10!! between the two channels showed that the distribution amplifier was
operating to a level appropriate for this calibration.

Thirdly, the SDG2042X function generator was setup to generate two output signals of
identical frequency and 1 Vpp amplitude with a phase offset of 90°. This was checked
by observing the two output signals simultaneously on an oscilloscope.

In addition, the checks involving the FCA3100 frequency counter showed that it was
performing adequately to measure the frequency of the signals supplied by the
SDG2042X function generator during the calibration of the counter under test.

A Nessus-2 software routine (MNCDfmm) was written to collect data from the
counter under test. This was configured to match the settings during a moving
measurement block. 20 measurements were collected back-to-back with a gate time of
0.5s each and this was repeated 5 times to collect 100 individual measurements.

The output signal from the SDG2042X function generator was measured by the

FCA3100 frequency counter with a gate time of 10s and was recorded manually.

The calibration was carried out at four nominal frequencies: 5Hz, 10 Hz, 100 Hz and
1000 Hz. The linear scale attached to the moving frame has 20 ym scale divisions
therefore the nominal frequencies are equivalent to 0.1 mm/s, 0.2 mm/s, 2mm/s, and

20mm/s respectively.
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Results
TABLE 5.13: Frequency counter (s/n Counter 2) calibration data.
FCA3100 FCA3100 Counter 2 Counter 2 Counter 2 Counter 2
Indicated Standard Indicated Standard ounte ounte
. . Correction Correction
Frequency Deviation Frequency Deviation
Hz Hz Hz Hz Hz ppm
4.999997 0.000014 5.000016 0.000 035 -0.000019 -3.8
9.9999957 0.000007 4 10.000 032 0.000033 -0.000 036 -3.6
100.000002 5 0.0000049 100.000 321 0.000 055 -0.000319 -3.2
1000.000 0000 0.000001 6 1000.003 25 0.00013 -0.003 25 -3.2
Uncertainty Budget
TABLE 5.14: Frequency counter calibration uncertainty budget.
Unc.
Note| Contribution Value | Unit| Unc. (k =1) | Unit | Distribution| Sensitivity | (k =1) %
Hz
i | Sounter2-Cal f 5000016 | Hz | 1.90e-05 | Hz 1 1 1.9E-05 | 91%
Error
i | Sounter2-Call 5000016 | Hz | 0.0000035 | Hz 1 1 3.5E-06 | 3%
Type A
iii | Ref-Type A 4999997 | Hz | 4.66667E-06 | Hz 1 1 47E-06 | 6%
Total o
(k= 1) Hz 2.0E-05 | 100%

The total estimated uncertainty of the frequency counter calibration is ~4 ppm at

k = 1. Including the absolute error of the counter under test at 5Hz and its type A
uncertainty. The type A uncertainty of the counter used to measure the signal from the
function generator was also included. As shown in table 5.14, the largest contribution

is due to the absolute error of the counter indication.

Summary

The results in table 5.13 show that the prototype counter has a consistently low error
of approximately 3.5 ppm across the range of frequency values calibrated resulting in
a maximum uncertainty of 4 ppm. This is likely to have a low impact on the
measurements of velocity and position required for mass measurement and therefore

a correction has not been applied to the calculated velocity results.
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5.3 Performance Assumptions

There were a few measurement components of the prototype that could not be
re-calibrated or measured post-assembly without significant additional equipment.
These included the scale divisions of the linear encoder system and the consistency of
alignment of the coils with the axis of local gravity. In addition a constant value of
local gravity was assumed. All of these aspects have an impact on the measured mass.
In this section details of the assumption made are presented.

5.3.1 Linear Encoder System

A critical assumption of the Kibble balance principle is that the motion of the coils is
aligned with the axis of local gravity. The prototype balance includes a Renishaw
TONiC™linear encoder system to detect the position of the coils during the weighing
phases and measure their velocity during the moving phases. The system includes a
stainless steel linear tape scale (part number RTLC20-S) with 20 um scale divisions. It
has been assumed that the scale meets its manufacturers accuracy specifications of

£5 um/m and coefficient of thermal expansion of 10.1 + 0.2 yum/m/°C [84]. The coils
were mounted on the moving frame as described in section 4.5.4 using a former to
ensure a concentric and parallel fit. A vertical recess matching the width of the tape
scale was included on the side of the moving frame to ensure alignment of the scale to
the vertical axis of the moving frame. The scale was attached to the moving frame
using the supplied self-adhesive backing tape. The linear encoder readhead was
mounted on a 3D printed support that allowed the rideheight and angle with respect
to the scale to be adjusted. The readhead includes two LED indicators that show when
alignment within manufacturer specified tolerance with respect to rideheight

(2.10 £0.15mm), pitch (£ 1°), roll (£ 0.5°) and yaw (£ 0.4°), have been achieved.
During setup the encoder readhead was secured at an appropriate position and
checked to ensure that alignment was maintained over the moving range of the

moving frame (£ 0.7 mm).

After installation into the prototype the angle of the moving frame was observed by
placing a bubble level on the mass pan. It was assumed that if the mass pan was level
then the moving frame was aligned vertically with local gravity. In the direction
parallel with the balance arms the bubble indicated that the mass pan was level. In the
direction perpendicular to the balance arms the bubble indicated that the mass pan
was slightly off level. The angle was estimated to be approximately 1.5° which is

equivalent to an error of 350 ppm (cosine error).

Table 5.15 shows an estimate of uncertainty of ~375 ppm at k = 1 including

contributions due to the specification of the linear tape scale, the alignment of the
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TABLE 5.15: Linear encoder uncertainty budget.

Unc.
Note| Contribution Value Unit (l:j Eci) Unit | Distribution| Sensitivity | (k =1) %
m

i Scale Div Uncert 2.00E-05 m 1.00E-10 | m 1 1 1.0E-10 0%

ii | Scale - TCE 2.00E-05 m | 202E-10 | m 1 1 2.0E-10 | 0%
iii | Anglewrtlocal g 15 ° 6.85E-09 m 1 1 6.9E-09 | 83%
iv | Angle wrt scale 1 ° 3.05E-09 m 1 1 3.0E-09 | 16%

Total o
(k=1)m 7.5E-09 | 100%

optical readhead, and the alignment of the system with the axis of gravity. The largest

contribution was due to the measured misalignment to the axis of local gravity.

5.3.2 BL Product

In the original Kibble balance theory another key assumption was that the value of the
BL product in the weighing phase was the same as the measured value of the BL
product in the moving phase. This assumption relies on several parameters being

constant or changing very slowly with time.

Magnetic Field

The strength of magnetic field B is known to vary with temperature. This effect can be
mitigated by controlling the temperature of the magnet and also by measuring the BL
product frequently during the measurement run and interpolating the value at the
time of the weighing phases. The prototype contains a single CotS NdFeB ring
magnet. Typical NdFeB material has a temperature coefficient of approximately

1000 ppm/K [118]. For this work it was assumed that the air temperature control in
the laboratory (20 & 1 °) was sufficient to keep the rate of change of the magnetic field
strength to below 1 mT between moving phases.

Length of Coil

The length of the main coil inside the magnetic field is known to vary with angle.
Providing the alignment of the coil does not change between weighing and moving
phases then the length of the coil inside the magnetic field is constant. To mitigate the
effect of any change in alignment of the coil due to lowering or raising the test mass
measurement data has been collected in both mass states (on and off) during both
measurement phases (weighing and moving) as described in section 4.3.1.
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5.3.3 Gravity

In order to determine the mass of an object using a Kibble balance the value of local
gravity g at the time of measurements needs to be known. For this work a constant
value of 9.81184 m/s? has been assumed. This value is based on previous
measurements of local gravity in the laboratory where the prototype was located [79].
The uncertainty on the gravity correction for the NPL Mark II balance was 15 ppb in
2007 and reduced to 4 ppb in 2008. A conservative estimate of 100 ppm uncertainty
for the assumed value of local gravity has been used for this work based on published
measurements of surface gravity [119]. This error will not significantly impact the

mass results.
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Chapter 6

Results

In this chapter the mass measurement performance of the prototype is presented and
evaluated. The results are compared with the predicted performance calculated in

chapter 4 and a traditional mass calibration.

6.1 Test Masses

FIGURE 6.1: Spherical test masses used to determine the mass measurement perfor-
mance of the 3D printed prototype system. Colour ID and nominal mass from left to
right: Black 6.0 g, White 5.2 g, Blue and Orange 4.7 g, Green 3.5g, Pale Blue 3.5g.

Five glass spheres with masses in the range 3.5 g to 6.0 g were chosen for testing the
mass measurement performance of the prototype. These were sourced from a mixed
set of ordinary marbles. The advantages of using marbles for this purpose were
threefold. Firstly, the prototype balance was designed to be compatible with spherical
masses. As discussed in section 4.3 this is beneficial for repeatability of artefact
placement on the balance pan. Secondly, glass is an inert material and therefore it can
be assumed that its mass will remain stable both during the measurement and over a
longer period of time (weeks/months) between measurement runs. Thirdly, marbles
are available commercially-off-the-shelf in the mass range required for this work and
in a variety of colours for easy identification. The only disadvantage was that were no

marbles of nominal mass close to 1 g and 10 g in the set purchased.
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The Black, White, Blue and Orange, and Green test masses were selected for assessing
the mass measurement performance of the prototype in comparison with a traditional
mass calibration. The Pale Blue test mass and no test mass (None) were used to check
the operation of the balance and provide additional insight into the prototype
characteristics and performance.

6.2 Measurement Sequence

Two types of measurement sequence or “run” were implemented according to the
simplified bifilar coil measurement theory described in section 4.3.2. The
measurement runs consisted of alternating weighing and moving phases in mass on
and off states as shown in figure 6.2. The roles of the main coils (1 and 2) were fixed
for each measurement run.

[l || |
MaSSTQ| A AOA A O

Off
i.v| ¢v| ly ¢V.| Time

L1 I |
Start Repeated sequence End

Mass
On

Key O@ Moving phase /\V Weighing phase

FIGURE 6.2: Measurement sequence illustration of a short run showing the order of

moving and weighing phase measurements including mass state. Arrows indicate the

changing of mass state. This pattern ensures all weighing phase measurements are
bracketed by two moving phases (one in each mass state).

The “short” measurement run lasted approximately 3.25 hours and included 21
moving phases plus 18 weighing phases. Figure 6.2 shows the building blocks of the
measurement sequence. Each moving phase contained 100 individual data points of
0.5s duration with a single mass state (red circle). The mass state (on or off) was
alternated every other moving phase. The sequence started and ended with two
moving phases (one in each mass state). Each weighing phase comprised a total of 48
individual data points of 2's duration and alternated between mass states (on and off)
every 12 data points (blue triangle).

The “long” measurement run took approximately 11 hours and included 11 moving
phases plus 8 weighing phases. The moving phases were implemented in the same
way as in the short measurement run and similarly the sequence started and ended
with two moving phases (one in each mass state). Each weighing phase comprised a
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total of 480 individual data points of 2s duration and alternated between mass states
every 12 data points.

The data for each measurement run was processed using software written in
MATLAB®. It was created for use with any Kibble balance developed at NPL that
operates in a single mode with time-separated measurement phases.The data collected
during each measurement phase was saved to a comma-separated values (csv) file
and stored in a single directory per measurement run. Directories were named
according to the format YYMMDDII where the letters (1l) started from aa each day and
incremented through the alphabet, specifically ab, ac, etc... Files were named
sequentially according to the type of measurement phase starting from Moving01.dat
and Weighing01.dat. All data points were labelled with appropriate metadata such as
the mass state (on or off) and the number of the main coil carrying the weighing

current (1 or 2).

Firstly, the analysis software computed the evolution of (BL), of the main coil with
time for each mass state (on and off) using the moving phase data sets. The following
data were calculated for each moving data point: mean time (t), mean position (z), coil
velocity (1), and induced voltage (V). (BL)s in each mass state was determined by
fitting these data by multiple regression. The software allows the position of the coil to
be a fitted parameter however for this work the (BL); models were determined at
position z = 0. Next the weighing phase data was processed. For each weighing data
point the following data were calculated: mean time (), mean position (z), and
weighing current (I). (BL)s(z = 0) at the time of each weighing data point was
determined by interpolating the appropriate (BL)s; model (mass state on or off). The
mass value (m;) for each weighing data point was calculated according to ms = BLL
(equation 2.13) where g is local gravity with an assumed value of 9.81 m/s2. The
non-corrected mass of the object under test was determined by multiple regression of
the weighing data. It was assumed that the mass of the object was constant during the
measurement run. Other fitted parameters included the tare force (switched on at all
times) and the drift in the tare force. The tare drift parameter was included to provide

an indication of changes in the balance system with time such as temperature changes.

Corrections due the coil-current effect described in section 4.3.4 and air buoyancy
described in section 2.1 were applied to determine the reported true mass values in
table 6.1.
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FIGURE 6.3: Main coil (BL)s(z = 0) data from the moving phases of the short mea-
surement run of the Black test mass in each mass state (on and off) with the interpo-
lated values at the time of the weighing phases indicated by the triangles.
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6.3 Prototype Results
TABLE 6.1: Calculated true mass and uncertainty of five test masses and none mea-
sured according to short and lon% measurement sequences. The datasets were col-
lected between 24" October and 30 November 2023.
ID Dataset Duration Wez(g)lillmg Mass Un(?(er:tallilty Un(?(er:talliﬂy
- - Hours - g g %
Black 231024ab 3.25 1 6.197 0.008 0.13
231024ac 11 1 6.177 0.008 0.12
White 231026aa 3.25 1 5.388 0.008 0.14
231031aa 11 1 5.367 0.011 0.21
Blue/Orange 231026ab 3.25 1 4.873 0.006 0.13
231026ac 11 1 4.885 0.009 0.18
Green 231101aa 3.25 1 3.623 0.006 0.17
231101ab 11 1 3.625 0.008 0.23
231025aa 3.25 1 3.618 0.006 0.17
231025ab 11 1 3.625 0.011 0.30
Pale Blue 231109aa 3.25 2 3.631 0.008 0.21
231109ab 3.25 1 3.626 0.006 0.18
231130aa 3.25 1 3.637 0.005 0.15
None 231103aa 11 1 0.012 0.016 -
231104aa 3.25 1 -0.004 0.011 -

The results in table 6.1 show the calculated true mass value for each measurement run.
These values include a correction according equation (4.29) to account for the
co-location of the tare and main coils in the same magnetic field and a buoyancy
correction according to equation (2.4) assuming a constant air density of

1.2 kg/m3[120].

During each measurement run the two strands of the main coil were permanently
assigned to specific roles. For 14 out of 15 measurement runs, main coil 1 was assigned
to carrying the weighing current (“Weighing Coil”) and main coil 2 was assigned to
carrying the induced voltage during moving phase (“Moving Coil”). For one short
measurement run the roles were reversed (Pale Blue 231109aa). As discussed on page
83 and 132 it has been assumed that main coils 1 and 2 are equivalent in terms of

length and position in the magnetic field.

Figure 6.4 shows a histogram containing 166 residual mass data points collected from
the five test masses with the prototype configured to use main coil 1 as the Weighing
Coil. This histogram demonstrates that the mass result data follows a Gaussian

distribution with a sigma of 8.1 mg.
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FIGURE 6.4: Histogram of mass residuals from the calculated mean for each test mass
(Black, White, Blue and Orange, Green and Pale Blue). Data collected with main coil 1
assigned to carry the weighing current, n=166.
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6.4 Moving Phase

The moving frame was driven up and down at a target speed of 0.1 mm/s over a
distance of 1.4 mm (£0.7 mm about the zero position) and data was collected over the

central 1 mm.
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FIGURE 6.5: Residual induced voltage data (Move 01) of dataset 231024ab.

The induced voltage in the moving coil was measured 100 times per moving phase.
Each data point had a nominal gate time of 0.5s. Figure 6.5 shows typical induced
voltage residuals from the short measurement run of the Black test mass (nominal
6.0 g, Move01, 231024ab). The induced voltage was approximately 280V which was
amplified 1004.401 times by the A22 pre-amplifier prior to being measured by the
Thaler ADC180. The spread of voltage residuals was typically £2.8 'V (10 000 ppm)
with the occasional outlier up to +4.2 'V (15000 ppm). Moving phase plots from all
black test mass data sets are included in appendix B.

The velocity of the moving coil was measured simultaneously. Figure 6.6 shows
typical measured speed data during a moving phase in the mass off state (Move01,
231024ab). The average coil speed for dataset 231024ab was 0.091952mms™! with a
standard deviation of 0.000 034 mm s™. This average includes data collected in both
mass states (n = 2100). Figure 6.6 indicates that the speed of the moving coil was
subject to position dependent damping, specifically it appears to be independent of
the direction of motion.
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FIGURE 6.6: Moving coil speed data from a single moving phase with mass off
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FIGURE 6.7: (BL); plotted as a function of z for mass off and mass on states (Move01
and Move02 from dataset 231024ab).

The measured induced voltage and speed were used to calculate (BL)s(z) . Figure 6.7
shows the fifth order multiple regression fits of the (BL),(z) data from two moving
phases of the short measurement run of the Black test mass (231024ab) with mass off

and mass on respectively. The shape of (BL)s with z was approximately consistent
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between the mass off and mass on states. For this work, these data fits were used to
calculate the (BL); at the assumed weighing position of z = 0. Ideally, (BL);(z)
should be constant in the moving range of the main coil. However, it varied by
approximately 2.6% over the moving phase measurement distance of 1 mm (assuming
a linear fit). The position of the moving frame during the weighing phase was
controlled by the servo system. For the Black test mass measurement runs the average
weighing position difference from z = 0 was 48 ym resulting in 0.004 Tm (0.12%)
systematic error in the calculated (BL)s(z = 0). This increased to 0.014 Tm (0.44%) for
the largest recorded weighing position deviation from z = 0 in this data set. To
remove this systematic error the NPL Kibble balance analysis software should be
implemented with calculation of (BL);s(z) at the measured weighing position for each
data point. In addition further work should be carried out to determine the location of
the magnetic field centre of the prototype magnet. If not already aligned, the
prototype design should be adjusted to align the weighing position with the magnetic
field centre of the magnet. Otherwise an additional correction for the coil-current

effect will need to be determined and applied as mentioned in section 4.3.3.

Figure 6.3 shows the calculated BL(z = 0) results from all moving phases of the short
measurement run of the Black test mass (231024ab). The error bars are given by the
estimate of the fit error for each data point. Typically this is about 0.002 Tm in both

mass off and mass on states.

The average (BL)s(z = 0) across all datasets included in table 6.1 and for both mass
states is 3.0695 Tm with a standard deviation of 0.0021 Tm. This average value is
approximately 25% lower than the predicted value of 4 Tm calculated during the
design phase (page 75). A lower BL product is a disadvantage as it reduces the
sensitivity in both measurement phases. The lower value is likely to be due to a
combination of the spreading problem when winding the coils noted in section 4.5.4
and the distribution of the magnetic field. The main coils were 15 mm in height rather
than the planned 10 mm. This increase of 50% meant that the coil was not concentrated
within the planned volume. If the distribution of the magnetic field in the z-axis was
narrower than 15 mm then it is likely that part of the coil was always outside of the
magnetic field. This would result in a lower than planned (BL),. Further investigation

of the magnetic field distribution is recommended to optimise the coil design.

Figure 6.8 shows the residual (BL);(z = 0) for each dataset. The plot shows that
(BL)on is generally lower in magnitude than (BL),sy. It also shows that the measured
values of (BL); for dataset 231130aa are significantly adrift from the group average.
However they appear to have maintained a similar relationship to each other. Dataset
231130aa was collected three weeks later than the previous dataset 231109ab therefore
the observed change in (BL)s could be due to a change in environment such as room

temperature causing a change in the magnetic field of the permanent magnet.
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FIGURE 6.8: Residual (BL)s(z = 0) for both mass states for all datasets.
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FIGURE 6.9: Difference between the (BL);(z = 0) measured in each mass state against
the nominal value of the test mass for all datasets.

Figure 6.9 is a plot of the difference between the measured BL(z = 0) in the mass on
state and the mass off state for each dataset against the nominal mass of the test mass.
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The data point markers are categorised by measurement run type. A single straight
line (linear regression through zero) has been fitted to all the data points resulting in a
gradient of -0.000 32 Tm /g with a standard error of 0.000 02 Tm/g and R squared of
0.95. This relationship is a key characteristic of the prototype as it directly impacts
mass measurement performance through the magnetic field correction due to the
change in weighing current between mass on and mass off states (equation 4.29). The
correction factor due to this effect is approximately -0.59% of the test mass being

measured.
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FIGURE 6.10: Weighing phase residual mass from a short run (Weigh(02 231024ab) with
anominal 6.0 g test mass.

Figure 6.10 shows typical residual mass results from a short run weighing phase
lasting 5 minutes. The spread of mass residuals is usually no greater than +2 000 ppm
with occasional residuals of up to 5000 ppm.

Figure 6.11 shows typical residual mass results from long run weighing phase lasting
a total of 67 minutes. The spread of mass residuals is usually no greater than

£5000 ppm with occasional residuals of up to 10 000 ppm. Weighing phase plots from
all black test mass data sets are included in appendix C. The drift observed within
each individual weighing phase, typically around 2 000 ppm, was likely to be due to
the stability of the guidance mechanism in combination with servo control system. To
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FIGURE 6.11: Weighing phase residual mass from a long run (Weigh02 231024ac) with
anominal 6.0 g test mass.

reduce this variation it is recommended to identify the optimal servo control settings
and reduce the effects of mechanical hysteresis either by increasing the settling time
prior to measurement or changing the mechanism design. Figure 6.11 also shows a
longer term variation in the results, a sinusoidal oscillation of approximately

3500 ppm peak to peak with a period of approximately 16.5 minutes. This variation
could be linked to environmental changes such as temperature. As described in
section 4.5 the prototype was exposed to fluctuations in the laboratory temperature
which was servo controlled to 224+-1°C. On inspection of the air temperature control
system data the period of variation was approximately 11 minutes. To reduce the
impact of air temperature changes on the prototype results it is advised to collect
weighing data over a period of time significantly shorter than 10 minutes. Also a draft
shield could be introduced which would slow the rate of change of the air

temperature immediately around the prototype.
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6.6 Uncertainty Budget

The total uncertainty on the mass results were calculated by assessing the uncertainty
on each part of the measurement and combining the contributions according to the
principles of the Guide to the Expression of Uncertainty in Measurement (GUM) [78].
This was carried out for each dataset individually and the total uncertainty at k = 1
reported in table 6.1. The uncertainty assessment for dataset 231024ab (nominal 6.0 g
test mass) with a total uncertainty of 8 mg is presented in detail to illustrate the
relative effects of the sources of uncertainty that contribute to the total.

TABLE 6.2: Mass uncertainty budget for dataset 231024ab.

Note | Contribution Value Unit (]:J Eci) Unit Ratio %
i Mass - Type A 6.2291 g 2.0e-03 g 3.2e-04 6%
ii | Voltmeter low gaincal | 1.99258 \ 5.0e-03 \4 2.5e-04 4%
iii | Voltmeter high gain cal | 0.000282 \ 2.1e-07 \4 7.6e-04 34%
iv | Resistor 99.99292 @) 2.5e-03 @) 2.5e-05 0%
v | Local gravity 9.811840| m/s? 9.8e-04 m/s®> | 1.0e-04 1%
vi | Linear encoder cal 0.000020 m 7.5e-09 m 3.8e-04 8%

vii | Frequency counter cal | 4.597641| Hz 2.0e-05 Hz 4.3e-06 0%
viii | B field current corr 6.1937 g 5.6e-03 g 9.0e-04 48%
ix | Buoyancy corr 6.19661 g 3.7e-04 g 6.0e-05 0%

Total uncertainty (k = 1) | 0.008 g

The mass uncertainty budget includes contributions that arise due to the repeatability
of the measured mass value, the calibration and performance of the individual

subsystems of the prototype, the correction due to the change in magnetic field due to
the difference in current in the weighing coil between mass on and mass off states, and

the correction due to air buoyancy.

The measured mass value type A standard uncertainty was calculated according to
equation 5.7 with N set to the number of weighing phases (18).

The type A uncertainty for the difference in weighing voltage Viy = Vo, — Vi, was
calculated according to equation 5.7 with N set to the number of weighing phases and
the combined standard deviation calculated according to the rules of propagation of

uncertainty.

f=A-B 6.1)

f :\/(7124 + 0% — 2048 (6.2)

where f is the calculated result, A and B are the input parameters, 4 and op are the
standard deviations of A and B respectively, and ¢ 4p is the covariance of parameters
A and B.
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The standard deviations and the covariance of the two weighing voltages were
calculated using the “std” and “cov” functions in MATLAB® respectively.

The uncertainty of the voltmeter calibration in low gain mode was included from table
5.5. This component takes into account the ~2V difference between the mass on and
mass off weighing voltages observed for the Black test mass. The weighing voltage
difference for the other test masses varied between 1.1V and 1.7 V.

The type A uncertainties for the moving voltage and the measured frequency of the
linear tape scale marks passing the optical encoder readhead were calculated
according to equation 5.7 with N set to the number of moving phases (21).

The voltmeter calibration in high gain mode, resistor calibration, and frequency
counter calibration contributions were included from tables 5.8, 5.12, and 5.14

respectively.

The calculated uncertainty of the linear tape scale marks in table 5.15 and the assumed
uncertainty of 100 ppm on the value of local gravity discussed in section 5.3.3 were
also included.

TABLE 6.3: Magnetic field current correction uncertainty budget.

Note| Contribution Value | Unit (]:J ici) Unit | Distribution| Sensitivity (klin; . %

. Moving Frame o
N 5617 | g 2 g 1 6.3E-04 1.3E-03 | 5%
ii BLon-BLyff -0.0019 | Tm 0.0003 Tm 1 1.8E+01 5.4E-03 95%
iii | BLyfs 3.0696 Tm 0.0003 Tm 1 1.2E-02 3.0E-06 0%

Total
5.6E-03 | 100%
k=1g

The uncertainty on the correction due to the change in magnetic field caused by the
change in weighing current between mass states was found to be approximately

5.6 mg as shown in table 6.3. The main contribution was from the type A uncertainty
on the difference between the value of (BL);(z = 0) in the two mass states. This was
calculated according to equations 5.7 and 6.2. The standard deviations and covariance
of the parameters were calculated by the relevant functions in MATLAB®. The
covariance function required an equal number of data points for each input parameter
however all datasets contained differing numbers of mass off and mass on moving
phases, specifically 11 and 10 respectively for short measurement runs and 6 and 5
respectively for long measurement runs. This was resolved by removing the last data
point in the mass off sets resulting in an N of 10 for short runs and 5 for long runs.

The mass of the moving frame was determined in section 5.1.1. A conservative
estimate of uncertainty of 2 g has been assumed due to the indirect method used.

The uncertainty of the correction due to air buoyancy acting on the test mass has been
calculated as shown in table 6.4. To determine the buoyancy correction (equation 2.4)
the volume of the test mass was calculated by re-arranging equation 2.3.
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TABLE 6.4: Air buoyancy correction uncertainty budget.

Note| Contribution Value | Unit (]:J fci) Unit | Distribution| Sensitivity (klin; . %
i Marble Mass 6.19369 g 0.0094 g 1 4.7E-04 4.4E-06 0%
ii | Air density 0.0012 | g/cm®| 0.0001 | g/cm3 1 2.4E+00 29E-04 | 62%
iii | Glass density 2.55 g/cm? 0.4 g/cm’ 2 1.1E-03 2.3E-04 | 38%
Total
3.7E-04 | 100%
k=1g

m
Uy = — (6.3)
Om

where vy, is the volume of the test mass, m is mass of the test mass and p,; is the
density of the test mass.

The magnetic field corrected mass with its uncertainty and an assumed density were
used for this purpose. The test masses were assumed to be made from glass of density
2550 kg/m?® with an uncertainty of 400 kg/m? at k = 2 as per the traditional mass
calibration (see certificate s/n 2024010275 in appendix A). The density of the air was
not measured during the measurement runs. A standard air density of 1.2 kg/m? with
a 10% uncertainty at k = 1 has been assumed [120].

The final column in table 6.2 indicates the relative contribution of each source of
uncertainty to the total. Three sources of uncertainty dominate: the magnetic field
correction due to the change in current between mass off and mass on (35%), the
voltmeter calibration in high gain mode (25%) and the type A uncertainty of the
voltage measurement during the moving phase (20%). All of these sources are related
to the moving phase of the prototype operation. The calibration of the voltmeter in
high gain mode could be improved by investigating and removing the fault associated
with its variable offset. However this improvement would be negligible (a reduction
of only 50nV). Increasing the induced voltage by a factor of two would have a more
significant impact by reducing the total mass uncertainty by ~2mg. This assumes that
the type A uncertainty of the induced voltage measurement stays at a similar
magnitude. There are three options for increasing the induced voltage V = BLu. Any
or a combination of the following factors can be increased: the velocity of the coil u,
the magnetic field B which the coil travels through, and the length of the coil L. The
simplest option is to carry out measurements at a higher coil velocity for example at
0.2mm/s instead of 0.1 mm/s. Another potential option for reducing the type A
uncertainty of the induced voltage measurement is to increase the measurement gate
time from 0.5s to 1s. Doubling the integration time of the voltmeter would allow
allow a larger part of the signal to be sampled per measurement and therefore reduce
the impact of the noise. However, due to the short moving distance of 1.4 mm, and
even shorter sample distance of 1 mm, an increase in velocity and measurement gate

time will yield fewer measurements per direction of movement, specifically 5 instead
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of 20. In order to keep the total number of data points per moving phase the same
(100) the number of movement reversals will need to be increased and the total time
per moving phase increase from ~70s to ~140s. The uncertainty contribution for the
magnetic field correction due to the change in current between mass off and mass on
is dominated by the uncertainty in the difference between (BL);(z = 0) in mass on
and mass off states. As BL = ¥ the contributing factors to the difference in BL product
uncertainty are the induced voltage calibration and measurement in high gain mode
(45% total), the linear encoder calibration (6%) and the frequency calibration and
measurement (< 0.5% total). The dominating factor is the induced voltage
measurement therefore the proposed changes to the moving phase are also likely to
have a positive impact on the uncertainty contribution for the magnetic field

correction due to the change in current between mass off and mass on.

Table 6.1 shows that in general the total uncertainty on the mass result was
approximately 0.2% which meets the target uncertainty of 0.25% or less stated in
section 1.5. This was achieved without optimisation or significant design
improvements being made to the system. Time spent on optimising the performance
of the system during the moving phase as described above could reduce the total
uncertainties further.

6.7 Traditional Mass Calibration Comparison

Four of the test masses, as detailed in table 6.5, were calibrated with traceability to the
consensus value for the SI kilogram by comparison with mass standards at NPL. This
traditional calibration was carried out as a “blind study” to check for systematic errors
in the prototype, specifically the results of the traditional calibration were not revealed
until the results from the prototype had been finalised.

TABLE 6.5: Comparison of the prototype mass results compared with mass values

obtained through a traditional mass calibration. The uncertainty of the traditional
mass calibration was 0.020 mg (k = 1) for all test masses.

D Dataset Duration Prototype Traditional Prototype

Mass Mass Error
- - Hours g g g

231024ab 3.25 6.197 0.225
Black 231024ac 11 6177 5.972053 0.205
. 231026aa 3.5 5.388 0.199
White 231031aa 11 5367 5.188843 0178
231026ab 3.25 4.873 0172
Blue/Orange — 270570 11 4.885 4.701402 0.183
231101aa 3.25 3.623 0.125
Green 231101ab 11 3.625 3.498004 0127

The traditional calibration was carried out in air according to a UKAS accredited

measurement procedure. To allow the true mass values of the test masses to be
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reported their density was assumed to be 2550+400kg/m? (at k = 2). The uncertainty
of the calibration was 0.020mg (at k = 1). The calibration certificate (s/n 2024010275)
has been reproduced in full in Appendix A.
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FIGURE 6.12: Comparison of the prototype results with a traditional mass calibration.
The error bars are the prototype uncertainty from table 6.1.

Figure 6.12 shows the comparison of the traditional mass calibration with the
prototype mass results, specifically the prototype error is plotted against nominal mass
of the test mass. The data point markers are categorised by measurement run type. A
single straight line (linear regression through zero) has been fitted to all the data
points resulting in a gradient of -0.036 4 with a standard error of 0.0007 and R squared
of 0.997, therefore the prototype has a systematic error of +3.6% of the test mass.

The combined total uncertainty is 3.6% as the systematic error dominates the
uncertainty of 0.2% calculated in section 6.6. The cause of the systematic error is

currently unknown as there was insufficient time remaining to investigate.

There are a few possibilities to explore to identify the source or sources of the
systematic error. Effects relating to the weighing current should be considered given
that the error varies with the mass of the object under test. For example, the tare force
applied to the moving frame resulted in weighing currents that were not symmetrical
between the mass off and on states. In theory this should not make a difference,
however given the variable offset of the voltmeter discovered during its low gain
calibration in section 5.2.1 it would be prudent to investigate this. Further
investigation of the variation in mass on BL product ((BL),,) with mass of the object
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under test shown in figure 6.9 should also be carried out. It will be necessary to
improve the high gain voltage measurement performance during the moving phases
as described in section 6.6 prior to looking at this aspect. This line of investigation will
also have an impact on the correction applied due to the change in magnetic field
caused by the change in weighing current between mass states (equation 4.29). This
correction also relies upon an accurate value of the moving frame mass and assumes
this equates to the force applied to the system from the mechanical components. Both
the mass of the moving frame and the magnitude of the force applied by the
mechanical system require evaluation. The mass of the moving frame can be found
relatively easily by dismantling the prototype and weighing the moving frame on a
digital scale. The force applied by the moving frame and associated mechanical
components in situ will be more difficult to assess. It could be estimated using the tare
system and the amount of current required to keep the moving frame at the zero

position.

Another potential source of systematic error could be extraneous forces exerted by the
mechanical system. The position dependent damping observed in the moving coil
velocity data (figure 6.6) should be investigated. This effect could be linked to the
issues experienced when implementing the tare compensation system during initial
setup (section 5.1). A force profile with a gradient of 50% of the measured force profile

was used as temporary solution for this work.

The type A uncertainties achieved by the prototype were very good considering the
balance was set up in a general laboratory without a draft shield or significant

vibration isolation. Care was taken to collect data at quiet times such as overnight to
ensure minimal disturbance. However it maybe be beneficial to move the prototype
system to a solid low vibration plinth and/or trial a draft shield with a large inertial

mass. These changes may assist in revealing the cause of the systematic error.



6.8. Summary 153

6.8 Summary

In this chapter the results of five test masses in the nominal range 3.5gt0 6.0g
measured by the 3D printed Kibble balance were presented and analysed. The
prototype was set up in open air in a temperature controlled laboratory and two
measurement sequences were used to gather data. These datasets are the initial results
prior to any optimisation of the prototype system. A thorough measurement
uncertainty analysis was performed on the data and the combined uncertainty on the
mass values was calculated to be 0.2%. This result meets the target of 0.25% or less
stated in the aims of this work and there is potential to reduce this uncertainty further.
The prototype mass values were compared with a traditional mass calibration in a
blind study. This comparison revealed a +3.6% systematic error in the prototype
system. The source or sources of this systematic error were not discovered during this
project due to the lack of time remaining. Several lines of investigation were
suggested as starting points for identifying the cause of this error. However the results
of this work show that if the sources of systematic error can be identified and
eliminated, the 3D printed Kibble balance has the potential to achieve an uncertainty

of 0.5% when miniaturised to the micro-gram range.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

A novel 3D printed Kibble balance was designed, manufactured, and evaluated. The
objective of this work was to create a proof-of-concept device at the gram-level that
demonstrates potential for miniaturisation to the sub-milligram level via 3D printed
MEMS technology.

In the introduction it was established that traceable mass measurement is fundamental
to many aspects of daily life. At the lower end of the scale (<1 mg) traceability is not
currently available due to a lack of reliable mass standards at this range. A number of
applications in industries such as pharmaceutical, environmental, commodities and

manufacturing could derive an advantage from traceability at sub-milligram scales.

A Kibble balance does not require mass standards to make traceable mass
measurements as the Kibble principle is traceable to the SI kilogram through electrical,
dimensional, and time measurements. The Kibble balance was selected as an ideal
candidate for creating a traceable mass sensor at low mass scales providing it could be

physically miniaturised to the appropriate scale.

In the literature review the principles of a Kibble balance and several existing
examples were presented. The literature was also searched for MEMS devices that
had components or operation principles in common with Kibble balances. It was
found that Kibble balances often have complex 3D mechanical structures that do not
lend themselves to traditional MEMS manufacturing methods. However it was noted
that 3D printing in MEMS manufacturing is an emerging field that appears to be a
viable methodology for production of MEMS devices.

It was reasoned that a proof-of-concept 3D printed Kibble balance at the gram-level,

operating with an uncertainty of 0.25% or less, could provide a stepping stone to a 3D
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printed MEMS Kibble balance at the sub-milligram level with a target uncertainty of
0.5%. To achieve this aim a number of development phases were implemented.

An analytical feasibility study based on a simplified model of the electromagnetic
Kibble principle was carried out for the mass range from 10 g to 1 ug. The simplified
model included the electrical, magnetic, time, and distance measurement aspects only.
The results of this study showed that there was a reasonable prospect of achieving a
competitive uncertainty with a “low cost” miniature Kibble balance sensor at masses
of 1 mg and below. It also confirmed that creating a Kibble balance with a competitive
uncertainty would be very technically challenging or expensive or both in the range
10mgto10g.

The literature review and feasibility study indicated that the magnetic field and coil
interaction was one of the biggest factors in Kibble balance performance. To inform
the design of a prototype that could be scaled to MEMS two options were considered,
an anti-Helmholtz coil and a pair of permanent magnets, for generation of a radial
(1/7) magnetic field at an appropriate magnitude (0.1 Tm). A simulation study
concluded that anti-Helmholtz coils were not a viable option due to the very low field
strength generated. The pair of permanent magnets was shown by simulation and
confirmed by experimental results to generate a radial magnetic field of sufficient
magnitude to proceed to prototype design.

To create and evaluate a prototype within the timescale of this project it was decided
to base the design on components and subsystems from the existing NPL
Demonstration Kibble balance, CotS items, and bespoke 3D printed parts. This
approach also had the advantage of keeping the manufacture of the prototype at a low
cost. The prototype mechanical system and co-wound coils were designed around a
single ring magnet from the Demonstration balance. Details of the design, operation
principle, and simplified implementation procedure were presented. The expected
performance of the prototype was determined using a simplified analytical model of
the design including the mechanical system, electromagnetic subsystems, and the
velocity and position subsystem. The predicted performance was calculated to be
between 0.02% and 0.06% therefore the project proceeded to the manufacturing stages.
A few issues were encountered during assembly and integration of the prototype

subsystems which resulted in minor design changes as documented in section 4.5.

The properties of subsystems of the prototype were measured and verified against the
estimated or required performance. This served two purposes: setting up the software
control systems and calibration of individual subsystems for uncertainty calculation.
Measurements of the guidance mechanism showed that the total spring constant was
33% higher than expected when configured as designed and approximately +278%
higher than predicted with the tare masses removed. It was also noted that the force
profile control system could not be optimised. Subsystems including the voltmeter,
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resistor, and frequency counter were individually calibrated and found to be

operating within specifications and satisfactory levels of uncertainty.

The 3D printed prototype was implemented according to SMTP operation with a
bifilar main coil. It was setup on a light-weight plinth without draft shielding in a
laboratory temperature controlled to 22+1°C. Five glass spherical test masses were
measured over a period of several days according to two measurement routines, one
lasting approximately 3 hours and the other 11 hours. The calculated results were
reported in chapter 6 and the data from all measurement runs included in appendices
B and C. Measurement uncertainty was calculated for each individual run and the
average was 0.2% (at k=1). A “blind” comparison with a traditional mass calibration
of the test masses revealed a +3.6% systematic error at the end of the project. There

was insufficient time remaining to investigate the source of this error.

This work produced an operational 3D printed gram-level Kibble balance prototype
with a calculated measurement uncertainty of 0.2% (at k=1). These results were
compared with a traditional mass calibration performed at NPL which revealed a
+3.6% systematic error in the prototype system. Once identified, the source of this
error can be eliminated to allow the device to be scaled to the micro-gram level within

a target uncertainty of 0.5% (at k=1).

7.2 Future Work

The next step in the development of the 3D printed Kibble balance is an investigation
of the source systematic error present in the current prototype system. Once the root
cause is identified a solution can be created to eliminate it.

A number of avenues of investigation should be explored. The magnetic field
correction due to the change in weighing current between mass states should be
examined to ensure all effects are included. This is a priority given that the systematic
error varies with increasing mass. Further work to optimise the control systems such
as implementing a symmetrical tare current, measurement of the location of the
magnetic centre of the magnet, implementation of an appropriate force profile in the
compensation system, and developing an understanding of the behaviour and
properties of the guidance mechanism as a whole should be carried out including a
detailed dynamic analysis and modelling. Adjustment of the prototype mechanical
design may improve the guidance mechanism performance and allow the magnet
holder to be reinstated. Manufacturing a new set of co-wound coils would be an
opportunity to achieve an increased BL product. This would increase the
signal-to-noise ratio on the induced voltage signal during moving phase which would

be a significant benefit.
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Beyond this prototype, work to miniaturise to a 3D printed MEMS Kibble balance is
likely to involve a change of principle to electrostatic Kibble principles. At low mass
scales it is very challenging to achieve a sufficient BL product. For example, the
feasibility study results in table 3.4 show that the expected BL at 1 ug is 0.02 Tm. The
optimum BL product for electromagnetic Kibble balances can be calculated according

to (BL)yp = \/@ where m is the mass of the object under test, g is local gravity, R is
the resistor which converts weighing current into voltage for measurement, and u is
coil velocity [86]. The optimum BL is approximately 3 Tm for a device operating at

1 ug with the assumed parameters in table 3.4, specifically 150 times higher than
predicted. Increasing the magnetic field from 0.1 T to 15T is not feasible with
permanent magnetic material. An electromagnet may achieve this magnitude of field
however it would significantly increase the size, cost, and complexity of the system. If
the magnetic field could be increased to 0.3 T with a permanent magnet then the
length of the coil would need to increase 50 times from 0.2 m to 10 m. This could be
achieved however the mass of the coil would be approximately 45,000 times the mass
of the object under test. This could cause significant challenges for the design of
guidance mechanism, specifically the capability to support the mass of the coil and
achieve a very low flexure stiffness. Another issue with increasing the length of the
coil is increasing the physical space that it occupies. It is important to concentrate the
coil into as small a volume as possible to ensure that all the windings are inside the
magnetic field and contribute to the BL product. This is more challenging with a
longer coil. Also, increasing the footprint of the device is undesirable if there is a

commercial requirement to appeal to users of existing micro-balances.

Once the existing electromagnetic 3D-printed proof-of-concept balance is operating to
within satisfactory levels of uncertainty the creation of an electrostatic version should

be considered.

The electrostatic principle offers some benefits over the electromagnetic principle for
miniaturisation. Firstly, electrostatic actuators such as comb-drives can be fabricated
reliably and accurately using existing MEMS fabrication techniques. This is a
significant advantage compared with the challenge of fabricating and aligning
miniature magnets and coils. Secondly, this approach offers greater flexibility in the
design and testing phases. As discussed in section 2.3.3, the sensitivity of an
electrostatic Kibble balance is given by x = %V (equation 2.18) which is equivalent to
the BL product in the electromagnetic principle. k¥ can be optimised by adjusting the
capacitance gradient % or the voltage V between the capacitor plates. For a
comb-drive the capacitance gradient can be increased by increasing the number of
“fingers” in the comb or increasing the overlapping surface area by increasing the
depth of the structure. The sensitivity of the device can also be adjusted by varying
the voltage drop between the comb fingers. This will allow greater flexibility to

optimise the device post-manufacture.
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NATIONAL PHYSICAL LABORATORY

Teddington Middlesex UK TW11 OLW Telephone +44 20 8977 3222
NPL Management Ltd - Registered in England and Wales No 2937881

UKAS

Certificate of Calibration Rl

0478
SET OF FOUR MARBLES

241M

This certificate is issued in accordance with the laboratory accreditation requirements of the United Kingdom Accreditation Service. It provides traceability
of measurement to the S| system of units, to units of measurement realised at the National Physical Laboratory or other recognised national metrology
institutes, or to other internationally recognised standards. This certificate may not be reproduced other than in full, unless permission for the publication
of an approved extract has been obtained in writing from NPL Management Ltd. The data included in this certificate applies only to those items specifically
listed as tested, calibrated or sampled and cannot be used to assign any attributes beyond those shown by the data.

FOR National Physical Laboratory
Hampton Road
Teddington
Middlesex
TW11 OLW

For the attention of Emily Webster

DESCRIPTION A set of four glass marbles

IDENTIFICATION Bag labelled 241M

Marbles identifiable by colour: Black, White,
Blue/Orange and Green

NPLC03-01/23

DATE OF CALIBRATION 23 January 2024

Reference: 2024010275 Page 1 of 3
Date of Issue: 31 January 2024 Signed: ~ = (Authorised Signatory)
Checked by: J Berry Name: Stuart Davidson on behalf of NPLML

This certificate is consistent with the capabilities that are included in Appendix C of the CIPM MRA drawn up by the CIPM. Under
the CIPM MRA, all participating institutes recognise the validity of each other’s calibration and measurement certificates for the
quantities, ranges and measurement uncertainties specified in Appendix C (for details see https://www.bipm.org/kcdb/).

The “CIPM MRA logo” and this statement attest only to the measurement component of the certificate.
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NATIONAL PHYSICAL LABORATORY

Continuation Sheet

241M
MEASUREMENTS
The true mass of each of these marbles was determined by weighing in air using
standards of known mass and density.
TRACEABILITY

The calibration results stated in this certificate are based on the Consensus Value of
the kilogram commencing 1st March 2023. The 2023 consensus value for the Sl unit

of mass, the kilogram, has been determined to be:

1 kg - 7 pug with a standard uncertainty of 20 pg with respect to the mass value of the
International Prototype Kilogram (IPK).

RESULTS

The results of the measurements are given in the Table of Results. Each value given

in the second column represents the true mass.

The density of the marbles was assumed to be 2 550 kg m= + 400 kg m-3.

The results and uncertainties quoted refer to values at the time of calibration and
make no allowance for subsequent drift in the values of the weights.
UNCERTAINTY

The reported expanded uncertainties are based on a standard uncertainty multiplied
by a coverage factor k = 2, providing a coverage probability of approximately 95 %.
The uncertainty evaluation has been carried out in accordance with UKAS

requirements.

Reference: 2024010275 Page 2 of 3

Checked by: J Berry
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NATIONAL PHYSICAL LABORATORY

Continuation Sheet

241M
TABLE OF RESULTS
Colour Measured true mass Estimated
measurement
uncertainty
g mg
Black 5.972 053 0.040
White 5.188 843 0.040
Orange/Blue 4.701 402 0.040
Green 3.498 004 0.040
Reference: 2024010275 Page 3 of 3

Checked by: JBerry
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