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Abstract: This paper presents the design and evaluation of a Multi-function torque standard machine (MFTSM) capable
of calibrating hydraulic torque wrenches, torque multipliers either concentric or nonconcentric up to 100 kN m, and torque
transducers with regular or irregular bases up to 2.5 kN m, in clockwise and anticlockwise directions. The machine’s
performance was evaluated through a series of calibrations and comparisons that revealed good consistency, as the E,, value

tests are less than unity.
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1. Introduction

Tightening torque tools are widely used to fasten parts
from a fraction of N-m to mega-scale N-m. Torque appli-
cations are myriad in assembly, maintenance, home
appliance production, and many others. For small-capacity
torque applications, torque screwdrivers are used, and for
medium-capacity applications, different torque wrenches
are used, while for high capacity beyond human power,
there are torque multipliers and hydraulic torque wrenches.
All these torque tools need to be calibrated for proper use.
Many NMTI’s built their primary torque standard machine/s
to provide traceability for high-accuracy reference torque
transducers. The design concept of these primary machines
is using a double-side lever arm supported by a fulcrum
and applying the weights to one end of the lever arm to
generate predefined torque steps with relative expanded
uncertainty from fractions of 1074-107° [1-6]. The cali-
brated high-accuracy torque transducers can be used as a
reference transducer in the secondary standard torque
standard machines which use torque generation mecha-
nisms like motor and gearboxes to apply torque to both
references and under calibration torque transducers with
relative expanded uncertainty from fractions of 10°-107*
[7-10]. These classical design primary and secondary tor-
que standard machines can cover up to 20 kN m and the
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transducers under test shall have a uniaxial design and
regular ends. For high-capacity torque measurements, the
lever-mass system is replaced by a lever-force transducers
system to measure the applied torque, as well as a torque
generation mechanism [11]. The force transducers used are
traceable to a deadweight force standard machine, and the
length of the lever arm is measured using the laser tech-
nique. These high-capacity torque standard machines can
provide traceability of uniaxial-flange type torque trans-
ducers up to 1.1 MN m with a relative expanded uncer-
tainty of 1 x 107. The NMI of Germany has a mega
torque machine up to 20 MN m to provide traceability to
nacelle test benches [12-15]. Recently, new electromag-
netic force standard machines on the basis and principles of
the Kibble balance were built to calibrate low-capacity
torque transducers, which may be the future of traceability
in torque and force measurements [16-21]. Reference
torque wrenches are widely used to calibrate torque testers
with irregular shapes and/or biaxial designs. This technique
applies pure torque with cross force on the calibrated
device which introduces higher uncertainty. Calibration of
a hydraulic torque wrench and a torque multiplier is con-
sidered a challenge as it needs a high-capacity torque
value, and these devices have different shapes.

In 2012, the National Metrology Institute of China
(NIM), in cooperation with the Shanghai Marine Equip-
ment Research Institute (SMERI), set up a secondary
machine to calibrate the hydraulic torque wrench, torque
multiplier, and finally torque transducers up to 30 kN m
using a high-precision 30 kN m torque transducer as a
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reference in the high measurement range and another high-
precision torque 1 kN m torque transducer as a reference in
the low measurement range. The machine body consists of
a fixed structure with the 30 kN m torque transducer at its
center. There are a movable guided structure and a set of
mechanical adapters to be used to assemble the devices
under calibration to the machine base [22, 23]. This
machine can provide traceability from 100 N up to 1 kN-m
and from 1 kN m up to 30 kN m with relative expanded
uncertainties of 5 x 10™ and 5 x 107, respectively. The
30 kKN m torque transducer needs to be calibrated on a
reference torque machine regularly, which is available in a
limited way in some countries such as France and Ger-
many. The machine is not able to calibrate biaxial and/or
irregular shape torque testers because the machine is con-
centric and does not allow transverse movement. It is
important to note that these torque testers are widely used
in industry.

The machine is not capable of calibrating low-capacity
torque transducers up to 100 N-m capacity, because the
first traceable point on the small transducer used is
100 N m. The machine does not use an interchangeable set
of reference torque transducers to cover a wide range of
calibrations. In addition, the machine is not capable of
calibrating non-concentric torque multipliers.

This paper presents the idea, design concept, and per-
formance evaluation of the 100 kN m multi-function tor-
que standard machine.

2. Design Concept

The MFTSM was designed to calibrate most torque mea-
surement tools including torque transducers with regular or
irregular bases, hydraulic torque wrenches, and concentric
torque multipliers (with single-axis) or non-concentric
(with double axes). The regular base transducers are having
both ends either cylindrical or square, while the irregular
base transducers have any other base design except the
regular ones.

The MFTSM could be divided into two calibration
systems, a high-torque calibration system, and a low-torque
calibration system. The low-torque calibration system is
intended to calibrate different types of torque transducers
up to 2500 N m, while the high-torque calibration system
is intended to calibrate various types of torque multipliers
and hydraulic torque wrenches which have capacities up to
100 kN m.

The low-torque calibration system consists of a low
torque generation mechanism, a reference torque mea-
surement system, and a supporting structure (see Fig. 1).
Up to 2500 N m, the torque values easily could be gener-
ated using the aid of a pulley (no. 2) and a gearbox has a
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high reduction ratio (no.1). The generated torque directly is
transmitted to the reference torque transducer (no. 3) and
the unit under test (no. 4) to apply the calibration proce-
dure. The torque application line is equipped with suit-
able adapters (6 and 7) as well as a flexible coupling to
eliminate any loss and parasitic loads during the torque
application. The green curved arrow indicates the direction
of the torque application either clockwise or anticlockwise.
During using the low-torque calibration system, the blue
box (no. 5) which is the stationary machine frame act as a
rigid point to support the generated torque. The torque
transducer could have a regular base such as the illustrated
one (no. 4) or an irregular base such as the one shown
under (no.8). The low-torque generation mechanism can
move in X and Z directions (denoted by A and B in Fig. 1)
using the aid of a motor and group of power screws (see
Figs. 2). There are three axes in this machine, the axis of
the low-torque generation mechanism (the red centerline in
Fig. 1), the axis of the high torque measurement system
(the orange centerline in Fig. 1), and a floating axis. The
floating axis is the axis of the unit under test (the blue
centerline in Fig. 1). During torque application, two of
these axes must be coincident to guarantee the transmission
of pure torque without any bending o parasitic loads (see
Figs. 3 and 4).

The high-torque calibration system consists of a high
torque measurement system and a stiff base to support the

Fig. 1 Schematic drawing of the NIS multi-function torque standard
machine. 1) Low-torque generation mechanism (2) Pulley, (3)
Reference torque transducer, (4) (Unit under test, (5) high torque
measurement system, (6 & 7) Torque transmission adapter, (8) torque
measurement device with irregular base. A The horizontal movement
direction B The vertical movement direction
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Hori .
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A. Movement in horizontal direction

Fig. 2 Schematic assembly of machine movable frame

Fig. 3 The fixation of non-concentric torque multiplier on NIS
MFTSM

target torque values. The base is designed in the form of a
box opened from the front and rear (see Fig. 5); within
which, a high torque measurement mechanism is installed.
T-slot grooves were carved into the box’s top and right-
side surfaces to aid in the fixation of various design torque
tools. The torque applied to the center of a double-sided
arm can be accurately predicted by two force transducers
attached to both arm ends (see Fig. 6). The force trans-
ducers were assembled at the end of the lever arm with the
aid of eyebolt bearings to eliminate any lateral forces that
transducers might face. The transducers are intended to
detect any tension or compression forces only. The axis of
rotation of the arm is a metal cylinder of different cross
sections, and most of its outer surface is geared inside the
torque arm so that when one rotates, the other does. The
torque applied by a torque tool will be transmitted to the

a

(s1xe-z) uondanp jeanniap

48

B. Movement in vertical direction

Fig. 4 The fixation of torque device with irregular base on NIS
MFTSM

high torque measurement mechanism through a square-
shaped cavity on top of the lever arm (see Fig. 6).

To achieve the full traceability for the MFTSM, the
reference force transducers getting their traceability from
the NIS primary force standard. A deadweight force stan-
dard machine is used to calibrate both force transducers.
The length of the double-side lever arm is calibrated using
a traceable standard. A laser tracker device was used to
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Machine's axis

T-slot grooves of rotation

Fig. 5 Schematic assembly of machine fixed frame

Machine’s lever

Left-force arm

transducer

Positions of
ball bearings

Right-force
transducer

Fig. 6 Schematic assembly of the high-torque measuring mecha-
nism-machine’s lever arm with two force transducers

determine the length of each side. Figure 7 shows a real
photograph of the MFTSM.

Laser trackers are instruments that accurately measure
large objects by determining the positions of optical targets
held against those objects. They measure two angles, plus a
distance. The tracker sends a laser beam to a retroreflective
target (commonly a spherically mounted retro reflector)

Fig. 7 Photograph of the 100 kN m multi-function torque standard
machine
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that is held against the object being measured (see Fig. 8).
The light reflected traces its own path back to the tracker.
As the light re-enters the tracker, a distance meter in the
tracker calculates the distance from the tracker to the
retroreflector. The collected coordinate data are transferred
to metrology software to establish the X, Y and Z coordi-
nates for the point measured.

Because the two lever arm sides are not identical in
length, 3 different ball bearings are used to support the
machine axis and to withstand the induced parasitic loads,
the installation of this bearing was carried out with all care
to minimize any expected friction during the loading pro-
cess, the positions of these bearings are shown in Fig. 6.

3. Evaluation Procedure

The expanded uncertainty presented in this investigation is
consistent with the ISO/IEC GUIDE 98-3:2008 “Uncer-
tainty of measurement—Part 3: Guide to the expression of
uncertainty in measurement (GUM:1995)”, and the
uncertainty sources are mentioned in Eq. (1 and 2). The
evaluation of MFTSM was carried out using the E,, values
as mentioned in Eq. (3) to compare the multi-function
machines results to the recognized torque standard
machines according to the following steps:

Wihightorque = k\/ Wi+ w3+ wi+2wi + w2 + w2+ wi+wd
(1)

where

k is the coverage factor corresponding to a 95% confi-
dence level (k = 2).

w; is the relative standard uncertainty associated with
applied calibration torque (two force transducers);

w, is the relative standard uncertainty associated with
lever arm length;

wj is the relative standard uncertainty associated with
bearings friction;

wy is the relative standard uncertainty associated with
resolution of indicator;

ws is the relative standard uncertainty associated with
the creep of an instrument;

we is the relative standard uncertainty associated with
the drift in the zero output;

wy is the relative standard uncertainty associated with
temperature;

wg is the relative standard uncertainty associated with
interpolation.

Equation 1 with the above demonstration is applied
when using high torque calibration system. While using
low torque calibration system (up to 2500 N m), Eq. 1 is
reduced to Eq. 2;
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Fig. 8 Photograph of a laser
tracker head

Wiowtorque = k\/ w3+ 2wi + wk 4wk + w? + w} (2)
where

K is the coverage factor corresponding to a 95% confidence
level (k = 2).

w; is the relative standard uncertainty associated with
applied calibration torque (torque transducer);

wy is the relative standard uncertainty associated with
resolution of indicator;

ws is the relative standard uncertainty associated with
the creep of an instrument;

wg is the relative standard uncertainty associated with
the drift in the zero output;

w7 is the relative standard uncertainty associated with
temperature;

wg is the relative standard uncertainty associated with
interpolation.

(xm - Xref)

\/ Wim + Wg(Ref

where

xn and W, are the result of MFTSM and its corre-
sponding expanded uncertainty, respectively, while X
and Wy, are the result of internationally recognized tor-
que standard machine and its expanded uncertainty.

E, is interpreted as follows:

E, =

(3)

|E,| <1 — Satisfactory performance

|E,| > 1 — Unsatisfactoryperformance

3.1. Evaluation of Low-Torque Calibration System

The low-torque calibration system is intended to calibrate
torque devices and torque transducers with regular or
irregular bases, clockwise or anticlockwise up to
2500 N m. In order to evaluate this system to accomplish
this target, a comparison with an internationally recognized
torque standard machine was conducted. Three torque
transfer standards were used as artifacts to cover the
required range up to 2500 N m.

3.2. Evaluation of High-Torque Calibration System

The high-torque calibration system is intended to calibrate
hydraulic torque wrenches, and torque multipliers. To
evaluate its performance for the intended function, the
following evaluation procedure was followed:

First: The capability of the system to calibrate hydraulic
torque wrenches was examined through a full calibration
for a new hydraulic torque wrench, then comparing the
obtained metrological parameters with known parameters
obtained from the catalog of the device.

Second: The capability of the system to calibrate a
torque multiplier was tested by conducting a full calibra-
tion for a torque multiplier and comparing the obtained
results with another calibration conducted previously by an
accredited calibration provider.
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4. Evaluation Results

4.1. Evaluation Results of Low-Torque Calibration
System

The performance of this system was examined in com-
paring to 3000 N m NIS torque standard machine, the
capability of the later one is internationally recognized.
Three torque transfer standards with capacities of 1, 2, and
2.5 kN m were used as artifacts to conduct the comparison.

The calibration results obtained using the low-torque
calibration system were compared to the calibration results
obtained using the 3000 Nm NIS torque standard
machine.

For the 1 kN m comparison, a 1 kN m TN type refer-
ence torque transducer from HBM was used as an artifact
between the two machines, and another 1 kN-m reference
torque transducer was used as the machine reference
(Table 1 shows the results). For the 2 kN m comparison, a
2 kN m DmTN type reference torque transducer from
GTM was used as an artifact and the MFTSM reference
value was provided by the force transducers-lever arm
mechanism (Table 2 shows the results). A 2.5 kN m
working standard torque transducer, 50,703.LOG type from
Norbar was used as an artifact and the MFTSM reference
value was provided by the force transducers-lever arm
mechanism (Table 3 shows the results). The MFTSM
machine uses a double channel measuring amplifier
DMP40-S2 from HBM with developed software to display
the torque values in torque units taking into consideration
the measured lengths of each side of the lever arm.

Table 1 Comparison results of 1000 N m torque transducer artifact

Table 1 and Fig. 9 show that the MFTSM can be used as
a reference to calibrate high accuracy torque transducer
with a relative expanded uncertainty of about 0.12% in
both clockwise and anticlockwise directions as the E,, value
results are below unity. The 100 kN-m MFTSM is con-
sidered a secondary standard torque standard machine, as it
uses a set of high accuracy torque transducers to provide
the reference torque values.

The results shown in Table 2 and Fig. 10 prove that the
MFTSM can calibrate high accuracy torque transducer up
to 2000 N-m with a relative expanded uncertainty of 0.9%
in the clockwise direction as the E,, value results are below
unity. In the field of torque transducer calibration, this
uncertainty value is considered quite high. The high
uncertainty value is mainly because of the friction losses in
machine bearings, especially in this very low range, as the
machine force transducers-lever arm mechanism itself was
built to calibrate high-capacity torque tools.

Table 3 and Fig. 11 show that the MFTSM can be used
to calibrate low accuracy torque transducer with a relative
expanded uncertainty of 1.29% in the clockwise direction
as the E, value results are below unity. This uncertainty
value is high in the field of torque transducer calibration.
The high uncertainty value is mainly because of using an
artifact with a 0.52% relative expanded uncertainty value,
and also because the friction losses in machine bearings are
quite high, especially in this very low range as mentioned
before.

Torque step 100 kN m MFTSM

3 kN m STSM

Mean value (x;) Relative expanded uncertainty (W(x;))

Mean value (x,) Relative expanded uncertainty (W(x,)) E, value

N m mV/V % mV/V %

1000 1.753957 0.10 1.754785 0.01 0.5
800 1.403146 0.10 1.403803 0.01 0.5
600 1.052343 0.10 1.052846 0.01 0.5
400 0.701543 0.10 0.701856 0.01 0.4
200 0.350778 0.10 0.350911 0.01 0.4
100 0.175330 0.11 0.175449 0.01 0.6
—100 —0.175400 —0.12 —0.175444 —0.01 0.2
—200 —0.350741 —0.11 —0.350895 —0.01 0.4
—400 —0.701523 —0.10 —0.701850 —0.01 0.4
—600 —1.052320 —0.10 —1.052810 —-0.01 0.5
—800 —1.403110 —0.10 —1.403774 —0.01 0.5
—1000 —1.753867 —-0.10 —1.754759 —0.01 0.5
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Table 2 Comparison results of 2000 N m torque transducer artifact

Torque step 100 kN m MFTSM 3 kN m STSM
Mean value (x;) Relative expanded Mean value (xp) Relative expanded E, value
uncertainty (W(x;)) uncertainty (W(x,))
N m N m % N m %
200 198.305 0.90 199.952 0.05 0.9
400 401.650 0.90 399.978 0.05 0.5
800 804.859 0.90 799.900 0.05 0.7
1200 1205.347 0.90 1199.720 0.05 0.5
1600 1604.172 0.90 1599.610 0.05 0.3
2000 2004.732 0.90 1999.400 0.05 0.3
Table 3 Comparison results of 2500 N m torque transducer artifact
Torque step 100 kN m MFTSM 3 kN m STSM
Mean value (x;) Relative expanded Mean value (xp) Relative expanded E, value
uncertainty (W(x;)) uncertainty (W(x,))
N m N m % N m %
250 251.481 1.17 250.123 0.05 0.5
500 503.909 1.29 500.240 0.05 0.6
1000 1007.326 1.25 1000.390 0.05 0.5
1500 1506.283 1.03 1500.900 0.05 0.3
2000 2005.440 0.97 2001.400 0.05 0.2
2500 2505.293 0.94 2501.300 0.05 0.2
(100-1000) N-m Comparison steps (250-2500) N-m Comparison steps
1.0 1'0
. g
? ¢ . * * U2 * . * * ? 0.5 Y ¢ ¢
. ¢ .
0.0 0.0
-1000 -800 -600 -400 -200 -100 0 100 200 400 600 800 1000 0 250 500 1000 1500 2000 2500

Step (N-m)

Fig. 9 Comparison results between the designed machine and the
3 kN m torque standard machine from 100 N-m up to 1000 N m

(200-2000) N-m Comparison steps

1.0
*

3 -
=
£o0s . .
=
= PS -

0.0

0 200 400 800 1200 1600 2000

Step (N-m)

Fig. 10 Comparison results between the designed machine and the
3 kN m torque standard machine from 200 N-m up to 2000 N m

Step (N-m)

Fig. 11 Comparison results between the designed machine and the
3 kN m torque standard machine from 250 N-m up to 2500 N m

4.2. Evaluation Results of High-Torque Calibration
System

4.2.1. Calibration Results of Hydraulic Torque Wrench

Hydraulic torque wrenches are widely used to apply high-
capacity torque. The output drive of a hydraulic torque
wrench under calibration is fixed to the female square drive
of the force transducers-lever arm mechanism. A set of
supports is used to prevent the wrench from rotating. A
hydraulic wrench with a capacity of up to 35,455 N m,
model: S25000PX, manufactured by Enerpac is calibrated,
and the results are shown in Table 4.
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Table 4 Calibration results of hydraulic torque wrench

Applied pressure Actual output torque Mean value Relative error Relative expanded
of repeatability uncertainty
psi Nm N m % %
1000 3573.63 3581.47 0.45 1.62
3589.78
3581.00
2000 7323.53 7339.27 0.44 1.02
7355.77
7338.52
4000 14,974.57 14,993.97 0.26 1.00
15,014.08
14,993.25
6000 23,347.32 23,369.88 0.19 1.00
23,392.30
23,370.01
8000 31,210.81 31,235.92 0.16 1.00
31,261.78
31,235.88
10,000 35,459.07 35,485.92 0.15 0.99
35,512.36
35,485.71

Table 4 shows that the MFTSM can be used to calibrate
a 35,455 N m hydraulic torque wrench with a relative
expanded uncertainty of 1.62% at the first step to reach
0.99% at about 35,485 N m, in the clockwise direction.
This uncertainty value is acceptable in the field of
hydraulic torque wrench calibration as most hydraulic
wrenches have an accuracy of between 3 and 6%. The
uncertainty value is mainly because of using a hydraulic
multiplier artifact with a & 3% accuracy, and because the
friction losses in machine bearings are quite high, espe-
cially in the low range, which reflects the decay in the
uncertainty values with increasing torques to reach about
1% at 35,485 N m.

4.2.2. Calibration of a Torque Multiplier

The torque multipliers are widely used to amplify the tor-
que generated by human power to reach intermediate levels
from 3000 to 30,000 N m. Above this level a hydraulic or
electrical powers could be employed with the torque mul-
tipliers to reach higher torque levels. The output drive of
the torque multiplier under calibration is fixed to the
female square drive of the force transducers-lever arm
mechanism, while a 1300 N m reference torque transducer
was fixed to its input drive. An adapter and a hydraulic
clamp were used to connect the reference torque transducer
to the machine’s upper axis. The multiplier’s reaction bins
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are firmly fixed to the machine fixed frame to counter the
reaction torque. The calibration procedure mentioned in
[24] was followed as shown in Fig. 12. A 16 kN m torque
multiplier, model: SWE 8200, manufactured by Sweeney is
used as an artifact. The results compared to the manufac-
turer’s calibration certificate are shown in Table 5. The
actual output torque values obtained using the MFTSM
were compared to the output torque values obtained by the
multiplier’s manufacturer, hence the E, values were
calculated.

Table 5 and Fig. 13 show that the machine’s high torque
measuring system can be used to calibrate a 16 kN-m
torque multiplier with a relative expanded uncertainty of
2.03% at the first step point to reach 1.13% at about
14 kN-m, in the clockwise direction. The E,, value results
are below unity, and this reflect the capability of the
MFTSM to conduct calibration for such devices. The level
of uncertainties obtained during the calibration is accept-
able in the field of torque multiplier calibration as most
multipliers have an accuracy of between 4 and 6%. The
uncertainty values are mainly because of using a multiplier
artifact with a & 4% accuracy.

Indeed, most of the measurements conducted during this
study indicate that the friction loss in the bearings carrying
out the high-torque measurement mechanism has an impact
on the measurement. Also, a slight misalignment between
the upper and lower machine axes might have a share of



Design and Evaluation of a 100 kN m Multi-function Torque Standard Machine 251

Table 5 Comparison results of 16 kN m torque multiplier artifact

Applied 100 kN m multi-function torque standard machine Manufacturer’s torque standard machine

input torque - -
Mean output  Relative expanded Actual Mean output  Relative expanded Actual E,
value (x7) uncertainty (W(x;)) multiplication value (xp) uncertainty (W(xp)) multiplication value
ration ration
N m Nm N m Nm N m
153 1704.6 34.6 11.13 1626.0 76.6 10.62 0.9
306 3461.3 66.6 11.30 3387.5 116.4 11.06 0.6
542 6164.5 78.8 11.37 6097.6 187.5 11.25 0.3
780 8847.8 137.0 11.34 8807.6 249.8 11.28 0.1
974 11,065.2 150.9 11.36 10,840.1 308.8 11.13 0.7
1225 13,807.4 1554 11.27 13,550.1 330.7 11.06 0.7
I I 5. Conclusion

100 1 I

90+ ! !

80 : : The current work presents the design concept and the
g7 : : evaluation of the NIS 100 kN m multi-function torque
z% | ! standard machine. The design target is to provide a torque
& 50 . . .

&w . : machine capable of calibrating torque transducers, con-
301 : ! centric or non-concentric, and with regular base or irregular
20 ! ! base. Furthermore, the design target of using 2 load cells
7 Series 1 Series2 | | seress | ! seres 4 working in the tension mode and connected to a two-side
ot Tt T L e B . . . . . . .

| Remov the torque ! Remove the toraue torque arm moving around the pivot axis, to calibrate
! daper thenroate ! remove e adapter concentric and non-concentric torque multipliers, as well as
hem together by 90° at the ouput drive .
se L remet byooe hydraulic torque wrenches up to 100 kN m. A set of
quence inthe same previous . . .
direction available artifacts is used to evaluate the performance of
. o . . the machine. For torque transducer calibration, a relative
Fig. 12 Calibration scheme of torque multiplier [24]

Torque multiplier comparison results

1.0
.
05 *
=
= *
.
0.0
1705 3461 6165 8848 11065 13807
Step (N'm)

Fig. 13 Comparison results of torque multiplier calibration up to
16 kN m

uncertainty in the measurement. Furthermore, the behavior
of the high-torque mechanism in the lower torque range
compared to the low-torque mechanism needs more
investigation. Those points will be given a separate study
to evaluate relevant contributions to the uncertainty.

expanded uncertainty of 0.12% when using torque trans-
ducers as a reference, and 0.9% when using the force
transducers-lever arm mechanism as a reference. The cal-
ibration results of the hydraulic torque wrench and the
torque multiplier reveal that a relative expanded uncer-
tainty of about 1% could be achieved. More evaluation up
to the maximum capacity is considered as future work.
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