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=,Leon Chao, BS MS

Mechanical Engineer at NIST

He received his BS MS degrees from the University of Maryland, USA in Mechanical
Engineering. In 2013, he began his career in mass metrology and precision design at the
National Institute of Standards and Technology in 2013. He aided in the design, construction,
and characterization of the NIST-4 Kibble balance which contributed to the global redefinition
of the International System of Units in 2019, specifically redefining the unit of mass, the
kilogram, in terms of a fixed value of the Planck constant. Since then, Leon has been the
project lead for modernizing Kibble-based technology optimized for calibrations laboratories
for both direct realization of gram-level masses and small torque traceable to the revised Sl.
Recently, he spearheaded a collaboration between NIST and Snap-On Industrial for
commercialization of the Kibble-based torque standard.
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Modernizing Mass and Torque Metrology with
Tabletop Kibble Technology at NIST

Leon Chao, Kumar Arumugam, Zane Comden, John Draganov,
Stephan Schlamminger, David Newell
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@ NIST-4 Kibble Balance
o Direct 1-kg mass realization |
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* Uncertainties now on the order of 10
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Traceability Pyramid

A

National Now
Standard

“Secondary” - . M
Calibration Lab_

Present State of Mass Dissemination

NIST

Future Traceability Pyramid

“Destruction in the face of progress is not only possible, but an efficient way to get rid of excess.”
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PAPER « OPEN ACCESS
The performance of the KIBB-g1 tabletop Kibble balance at
NIST

Leon Chao' (%), Frank Seifert' (), Darine Haddad' (%), Jon Pratt' (i), David Newell’ and
Stephan Schlamminger’
Published 14 May 2020 « Not subject to copyright in the USA. Contribution of NIST

Metrologia, Volume 57, Number 3

TABLE 1
KIBB-G1 UNCERTAINTY BUDGET. ALL UNCERTAINTIES ARE x 1076

Source 5 g measurement 1 g measurement
Item | Subtotal || Item | Subtotal
Laser Stability/Accuracy 0.0 0.0
Deadpath Error | 0.0 | 0.0
Optics Thermal Drift 0.0 0.0
Electronics Error 0.1 | 0.1
Interferometer Readout 0.1 0.1
Abbe Error [ 00 | 0.0
Off Axis Motions | 0.0 0.0
Cosine Error 0.1 | 0.1
Alignment ‘ 0.1 0.1
Timing Jitter 0.0 | 0.0
Wavelength Compensation 0.2 0.2
Velocity | 0.2 0.2
Field Gradient 0.0 0.0
Material Thermal Expansion 04 | 0.4
Coil Z Position 04 04
Statistical \ 0.7 I | 28
BL Interpolation 02 | 0.2
Individual BL Profile 0.7 ).7
Profile Fitting 0.7 0.7
Resistor 0.1 | [| 0.1
DVM (Force Mode) 0.4 0.4
DVM (Velocity Mode) 0.4 ‘ 0.4
Electrical | 0.8 [ 0.8
Table 4. Comparison of £, mass versus KIBB-g1 mass realization Magnetic Susc. of Mass 0.0 0.0
relative uncertainties. Balance Sensitivity 0.0 0.0
Buoyancy 0.1 0.1
5g mass 1 g mass l%alaqcc Mechanics ().:.! [ 1.!)
Gravity 0.3 0.3
Magnet Nonlinearity 0.4 ‘ 0.4
6 2 )
Amgz [mgz x 10 2 3 Air Bearing Pressure 1.1 5.4
Am/m % 106 1.8 6.3 Forces on mass | 1.2 ‘ 55
Total | 18 I | 6.3




 Army Request: 3 year funding for R&D of the next generation tabletop Kibble
balance with a focus on design for commercialization at ASTM Class 3 (OIML
Class F) uncertainties [500 mg — 20 g]
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US Army Primary Mass Lab Requirements

ASTM E617 (Tolerances/3)

10000

Table 4. Comparison of £, mass versus KIBB-g1 mass realization
relative uncertainties.

0.001 0.01 0.1 1 10 100 1000 5 g mass 1 g mass

Amgs /mgs X 10° 2 5

& Kl B B—gl grams Am/m x 106 1.8 6.3
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Goal: Construct a second
generation (KIBB-g2)
tabletop Kibble balance for
directly realizing

[500 mg — 20 g]

masses with

OIML Class F accuracies
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KIBB-g2 CAD
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Army True - KIBB-g2 Measurements (log-log)

1000

Class 3 Uncertainties

® True - Meas

£

%

2

*
* o1
0,001 0,01 0,1 1 10 100
Nominal mass (grams)

Nominal KIBB-g2 (mg) Army True (mg) Difference (mg) Difference (ppm) Class 3 Allowance (mg) Class 3 Allowance (ppm) Meas. Date
20g 20000.4054 20000.0090 -0.3964 -19.8 0.1200 6.0 4/7/2024
10g 10000.0092 9999.9680 -0.0412 -4.1 0.0830 8.3 3/27/2024
3g 2999.9857 2999.9576 -0.0281 -9.4 0.0501 16.7 4/6/2024
1g 999.9794 999.9879 0.0085 8.5 0.0333 33.3 3/30/2024
500 mg 499.9446 499.9456 0.0010 2.0 0.0267 53.3 4/6/2024
20mg * 19.9993 20.0003 0.0010 51.4 0.0117 583.0 3/25/2024
Img* % 0.9982 E1 unknown 0.0018 1800.0 0.0083 8333.0 3/29/2024
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 verssons smposn Delivery to Redstone (Apl"ll 10, 2024)
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Stephan Schlamminger - 1

i ﬂﬂ 6 days ago

We proposed it, we got funded, we built it, and yesterday, we delivered it. The first
professional grade Kibble balance, KIBB-g2, is in the wild at the US Army Primary
Standards Laboratory. KIBB-g2 can measure masses ranging from 20 mg to 20 g
with uncertainties at or below the level required for weights according to ASTM
class 3.

This project was a wild ride, and much credit belongs to Leon Chao and Kumar
Arumugam (both in the picture), who spent countless hours in its final stretches. It
was so satisfying seeing it working in the mass lab.
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\ E METROLOGY SYMPOSIUM NIST-4 vs KIBB-g1 VS KIBB-gZ to scale




The History of the
}/' 2020 Army Metrology Interest 2024 Army Deployment in April
Tabletop Kibble Balance
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2014-2019 NIST-4 Kibble Balance

2017-2019 First Tabletop EZ

Kibble Balance

2022-2023 NOAC/DOD
Demonstrations

2019 Inducted intO NOAC 2023 F||ed 2nd Patent >

2019 Filed Patent (awarded 2021) AVRCRRRETAR RN MR G

O

87571B2

a9 United States

a2 Patent Application Publication (o) Pub. No.: US 2023/0375396 A1
Chao et al. (43) Pub. Date: Nov. 23,2023

Metrologia

a» United States Patent (10) Patent No.: ~ US 11,187,571 B2
Chao et al. (45) Date of Pate| Nov. 30, 2021

(54) SECOND GENERATION NIST KIBBLE GOIG 129 (2006.01)
BALANCE AND DETERMINING ABSOLUTE GOIG 1724 (2006.01)

< MASS
PAPER + OPEN ACCESS AA (52) US. CL

The performance of the KIBB-g1 tabletop Kibble
balance at NIST

54) ABSOLUTE M BALANCE (58) Field of Class
&L

To cite this articie: Leon Cha rofogia 57 035014




« AFMETCAL SOW on torque realization: 3 year funding for the R&D of an

uncertainty

(0.0007 —1 N-m)
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0.002% Uncertainty

The only 'mmary ~
ue calibra
America with torque
callbratlon accuracies of 0.002%
of applied torque from
1N-m to 2kN-m
The primary torque standard now in our 4
laboratory was developed by the
British National Physical Laboratory where it
was registered with the BIPM as the national
standard for the UK. This primary torque
standard meets the criteria set forth in
ASTM standard E2428
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NIST mass
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2% Uncertainty

NIST length
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Electronic Torque Realizer (ENTR v1)

USB DAQ I/O

6.5 Digit Voltmeter

Programmable
Current Source

Calibrated Resistor

ENTR

Can produce holding
torque up to:

2x102Nm
(3 ozf-in)

Torque tool
under test

Dual read head
encoder system



TABLE I

T TABLE OF RELATIVE UNCERTAINTIES FOR A 1.18 x 1073 N m TORQUE

NN ASS HETROLOGY VERIFICATION MEASUREMENT. ALL NUMBERS ARE | o

UNCERTAINTIES. ENTRIES INDICATED BY <0.01 HAVE
RELATIVE UNCERTAINTIES THAT ARE BELOW 1077

\TIO

rel. unc. rel. unc.
Source Symbol 1 X?O_B 1 lel“O_3
Repeatability V/R 0.52
Voltage measurement | V 0.24
Profile fitting B(do) 0.12
Encoder o) 0.12
Hardware timing At 0.09
Resistor R 0.01
DVM sample jitter ot <0.01
IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 72, 2023 1005506 MaSS measurement Mo 040
Mount hole location Orw 0.07
. : Diameter of wheel 27y 0.07
The Design and Performance of an Electronic o .
Radius of fiber Ty 0.03
: Local acceleration g <0.01
Torque Standard Directly Traceable S g o oo
to the Revised SI
20
Zane Comden, John Draganov™, Stephan Schlamminger™, Senior Member, IEEE, Frank Seifert™, + T
i measurements
Charles Waduwarage Perera™, David B. Newell™, and Leon S. Chao
1004 —— Tm=TatTo
£ T
= —.—
E_ 0 —o—
S
—10 1
o _20 T T T
l 1 Ta—Tm X 103
'-2 0 T + T m
e —1 1
=
—20 0 20




A Paradigm Shift is Coming

The only primary e
torque calibration laboratory
in North America with torque
calibration accuracies of 0.002% =~
of applied torque from
1N-m to 2kN-m

The primary torque standard now in our
laboratory was developed by the
British National Physical Laboratory where it
was registered with the BIPM as the national
standard for the UK. This primary torque
standard meets the criteria set forth in
ASTM standard E2428
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BLr (Tm?)
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The History of the S
Electronic MIST Torque Realizer

o .
fﬁ watit, Yyou use mass to realize ,
i' torquer \Why wot directly
'.;,% L‘evem@e the new sir?!

mited @tates Patent and Teademark Oftiee

ELECTRONIC TORQUE REALIZATION APPARATUS

The Ah-ha Moment

TECHNOLOGY
PARTNERSHIPS UNLEASHING
OFFICE nnovation

N / 2022 ENTR Patent

2021-2023 First Tabletop Kibble Torque Standard

ATTACHMENT 1

2017-2019 First Tabletop /
Kibble Balance

A ) STATEMENT OF WORK
\/ SI TRACEABLE TORQUE STANDARD (ENTR)
42 CALIBRATION STANDARD FOR STATIC TORQUE
U.S. AIR FORCE CCG #753

PAPER + OPEN ACCESS

The performance of the KIBB-g1 tabletop Kibble
balance at NIST

To cite this articie: Leon Chao et al 2020 Metrologia 57 035014
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2022-2023 NOAC/DOD monstrations

The Design and Performance of an Electronic

Torque Standard Directly Traceable
to the Revised SI

Zane Comden™, John Drag Stephan Schlar
Charles Wad Perera”, David B. N

2023 |EEE Publication D/

ARDS AND TECHNOLOGY

COOPERATIVE RESEARCH AND DEVELOPMENT AGREEMENT

2024 CRADA Partnership, Snap-On




Ultimate Vision

ENTR v1

KIBB-g3 ? ENTRvV3 ?
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