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Abstract. Calibration of tools designed to apply known torques, such as torque
wrenches and torque screwdrivers, requires a chain of traceable standards to the
definition of the kilogram and meter derived from the revised International System
of Units (SI) via physical mass and length artifact standards. We present a detailed
description and experimental verification of a device which utilizes the Kibble principle
to directly realize torques up to 1 N m. The second generation Electronic NIST Torque
Realizer (ENTR_v2) can calibrate industrial torque tools to 0.1 % accuracy or better
ultimately traceable to the fixed value of the Planck constant within the revised SI
through electrical traceability chains, severing ties to the traditional physical transfer
standard artifacts of length and mass.
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1. Introduction

The 2019 redefinition of the International System of Units (SI) defines the kilogram in
terms of the Planck constant, the speed of light, and the hyperfine transition frequency
of caesium [1]. This change of definition away from the physical mass artifact of the
International Prototype of the Kilogram has ushered in a paradigm shift of realization
of mass across the world through the use of Kibble balances or the “Kibble principle”
[2].  This enables novel applications regarding the direct realization of mechanical
phenomena, surpassing just mass and force. The Kibble principle, when converted
from a linear system to a rotational one, can directly realize torque traceable to the
Planck constant via quantum electrical standards as opposed to physical artifact length
and mass standards. At the National Institute of Standards and Technology (NIST)
we have prototyped a second generation Electronic NIST Torque Realizer (ENTR_v2)
capable of self characterization and direct realization of torque with a dynamic range of
0:02Nm to 1 Nm with overall relative uncertainties below 0:1 %.

ENTR_v2 is not just a research instrument; it is a working calibration tool. To
demonstrate the latter, we deployed a copy of ENTR_v2 to a calibration laboratory at
Nellis Air Force Base in Nevada for field testing.

2. Background

In 1974, Pantermuehl and Munsch [3] were granted a United States patent for their
torque transducer, which allowed the electronic readout of the applied torque. In the five
decades since, these transducers and their successors have served as transfer standards
for calibration of torque tools such as torque wrenches and torque screwdrivers. The
transducers themselves are calibrated using physical artifact mass and length standards
which are traceable to the definitions of the kilogram and meter, respectively.

These mass and length standards are used to apply a known torque within a known
gravitational field to the central shaft component of a torque transducer. Contemporary
torque transducers are made of flexible elements within a rigid housing. When a torque
is applied to the flexure elements, electronic strain gauges placed along the flexure
elements experience a deformation which changes their resistance, and a bridge circuit
produces a voltage signal which can be interpreted as a value of torque applied to the
shaft [4]. The practice of calibrating torque transducers is described in the standard
E2428-22 [5] published by ASTM International, formerly known as American Society
for Testing and Materials. The goal of the ENTR project is to realize torques from the
fundamental constants without using physical transfer mass and length standards at
uncertainties better than the typical 0:25 % uncertainties of modern torque transducers.

The device described and tested in this manuscript builds on previous work of
a lower range Kibble principle torque measurement device [6]. The previous version
(ENTR._v1) has a torque measurement capability of 1:2 10 *Nm to 18 10 3Nm.
For ENTR_v2, we attempt to create a device which has better than 0:1 % uncertainty
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across a wider operational range from 7 10 *Nm to 1 Nm.

3. Theory

NIST has a half century of experience developing Kibble balances for primary realization
of mass where a circular coil is translated vertically through a radial magnetic field of
a permanent magnet where the permanent magnet is at rest relative to the moving
coil [7-9]. For ENTR_v2, we utilize four trapezoidal-shaped coils wired in series and
sandwiched stationary between two sets of NdFeB magnets attached to a freely spinning
rotor shaft. Below, we present a condensed version of the rotational Kibble principle.
Detailed explanations of the Kibble balance principle applied to a rotational degree of
freedom are described in [10-12].

For realization of torque from electrical quantities derived from the revised SI, we
require two modes of operation, which we call spin mode and torque mode represented
by equations (1) and (2), respectively.

BLr = U=! (1)
= BLrl: (2)

Here, U is the voltage induced in the coils which are wired in series and may be
treated as one coil. The angular velocity during spin mode is I, B is the magnetic flux
density between the top and bottom permanent magnets, L is the total length of the
radial wire segments of the coils, r is the average distance from the center of rotation
to the center of the radial wire segments, is the torque measured, and | is the current
through the coils given by 1 = V=R, where V is the measured voltage drop across
a calibrated resistor R. All measurands found here are traceable to the fundamental
constants within the revised SI. The traceability comes from a calibrated voltmeter and
calibrated resistor. We refer to the left hand side of equation (1) as the magnetic profile.
Finally, when combining egs. (1) and (2), torque is given by

uv
= ﬁ: (3)

4. Electromechanical design

Building on the success of ENTR in 2022 [6], we keep the main idea for ENTR_v2
with the magnets as the rotational component and the coils stationary, but several
changes and improvements have been made between the first prototype and this
version to reduce sources of systematic measurement bias and uncertainty as well as
to accommodate the larger torque measurement range. These changes include improved
position measurement through better encoder scale installation to reduce position error
measurement, increasing the number of magnetic poles from two to four, improved rotor
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Figure 1. Computer-aided-design mode of ENTR_v2 with magnetic rotor, and
stationary coil components. The top plate of the frame has been made transparent for
clarity.

design, modification of the data collection in both spin mode and torque mode, and an
overall increase in size of the instrument.

A central shaft with magnets and steel yokes at the top and bottom is supported
by two rolling element zirconium dioxide bearings with outer races fixed to the frame.
The bearing on the top is visible in Fig. 1. No shields are used in the bearings to
reduce friction between the inner and outer races. Three support posts are used to
separate the bottom and top plates of the frame. All structural frame components
are made of acetal plastic in order to avoid any electromagnetic interactions between
the rotor and the structural components. The dimensions of the main structure are
254 mm x 254 mm x 159 mm.

The main rotor of ENTR_v2 has a stainless steel shaft to which two carbon steel
magnetic yokes are attached. Two neodymium ring magnets (grade 42) are sliced into
quadrants and mounted to the top and bottom steel yoke. The magnetic polarity of the
quadrants are alternated such that each pair of magnet quarters between the top and
bottom yokes are oriented in attraction. Figure 2 shows a representation of the magnet
geometry and the winding direction of the four coils.

A 150 mm diameter Renishaw RESMz encoder ring scale is mounted to the bottom
yoke and two Renishaw VIONiC encoders are connected to the frame bottom to measure
the angular position of the rotor throughout operation. Two encoder read heads spaced
180 apart are used to minimize angular measurement errors caused by the eccentric
motion of the encoder scale.

Four coils of 28 American wire gauge (AWG) insulated copper wire, approximately
2100 turns and 1182 per coil, are wired in series and mounted in the air gap between

z Certain commercial equipment, instruments, and materials are identified in this paper in order
to specify the experimental procedure adequately. Such identification is not intended to imply
recommendation or endorsement by the National Institute of Standards and Technology, nor is it
intended to imply that the materials or equipment identified are necessarily the best available for the
purpose.
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Figure 2. Top down view showing the bottom magnet and coil geometry. Magnetic
poles are indicated by the red and blue colors of the quarter-annulus sections and
the dot and plug signs indicate the magnetic flux direction into or out of the page.
The coils are represented by the four orange-colored trapezoids. The directions of the
windings of the coils are shown by the arrows. The value of r in the magnetic profile
term is indicated, approximately 114 mm.

the magnets of the rotor. Once wired in series, we can treat the four coils as one for
equations 1 and 2. Voltage measurements are performed with a Keysight 34465A Digital
Multimeter. The resistor for measurement of current through the coils in torque mode is
measured to be 100:0155 Q with a power coefficient of 0:13Q W . Computer-controlled
relays switch the circuit between spin mode and torque mode. A photo of the entire
ENTR._v2 system is shown in Figure 3.

5. ENTR v2 Measurement Scheme and Operation

To measure torque using our apparatus, two modes of operation are required. First,
in spin mode, the magnetic profile is determined. Then, in torque mode, this factor is
multiplied by the current needed to counteract the applied torque from a torque tool,
thereby determining its value.

5.1. Spin Mode

First, the shaft is manually rotated so that the zero index of the encoder is found. Then,
as the magnets align relative to the coils as shown in Figure 2, a positive transient square
pulse DC current is applied, rotating the magnet clockwise. As the magnets rotate
90 and align to the coil in the next quadrant, a negative transient square pulse DC
current is applied. This bipolar square wave applied as a function of angle continues to
accelerate the rotor. Once the angular velocity reaches 1,,,, = 28 rotations per minute,
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