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ABSTRACT By the end of 2018, the 26th Congress of Metrology and Weights (Conférence Générale des
Poids et Mesures, CGPM) had been held. A new definition of mass unit has been approved on the meeting
of CGPM. Mise en pratique-kg includes the guide of dissemination after the redefinition of kilogram. The
traditional dissemination of mass unit is carried out in air. The new method for dissemination from Planck
constant to primary mass standard or from primary mass standard to secondary mass is implemented under
vacuum. The dissemination method after the redefinition of mass unit will be changed from Planck constant
to primary mass standard or from primary mass standard to secondary mass standard. The measurement of
weights under vacuum will replace the measurement of weights in air. To transfer weights from vacuum
vessel to vacuum mass comparator, a vacuum transfer equipment (VTE) is developed by National Institute
of Metrology, China (NIM). A multistage manipulator system is designed to transfer weight under vacuum
between VTE and vacuum mass comparator or Joule Balance. The experimental results show that the
performance of VTE is efficient for transferring the weights under vacuum.

INDEX TERMS Redefinition, mass unit, dissemination, Planck constant, vacuum transfer equipment.

I. INTRODUCTION
The new kilogram will be realized using the Kibble
balance [1], Joule balance [2] or x-ray crystal density (XRCD,
Avogadro) experiments [3]. The nature of the Kibble balance,
Joule balance and XRCD experiments that three methods will
realize the kilogram in vacuum [4].

Joule balance developed by NIM is an equipment for mea-
suring the Planck constant. After the redefinition ofmass unit,
it will be used to determine the mass value of primary mass
standard under vacuum [5]–[8]. During the measurement,
the primary mass standard will be placed into vacuum. If the
primary mass standard will be stored in air after the mea-
surement. Due to the surface sorption effect, the true value of
primary mass standard may be not stable. In order to ensure
the stability of primarymass standard, the dissemination from
primary mass standard to secondary mass standard may be
carried out under vacuum. At the same time, the primarymass
standard will be stored in vacuum, and the secondary mass
standard will be stored in air.

Joule balance located at Building 23 of Changping Campus
at NIM. Vacuum mass comparator located at Building 20 of
Changping Campus. The distance between two buildings is
about 100 m. If the primary mass standard is moved from
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Joule balance to vacuum mass comparator after the mea-
surement from Planck constant to primary mass standard,
vacuum transfer equipment (VTE) [9] and vacuum vessel are
necessary. They are used to move the primary mass standard
in vacuum.

According to the structures of Joule balance and vacuum
mass comparator, two VTEs and one vacuum vessel devel-
oped by NIM are introduced in this paper. Because the struc-
ture of the Joule balance is different from that of the vacuum
mass comparator, the structure of the two VTEs is different.
The combination of two VTEs and one vacuum vessel may
transfer silicon sphere, cylinder weights and OIML weights
under vacuum.

II. STRUCTURE OF VTEs
To fix the Planck constant with relation to the mass stan-
dard, it is necessary to make as link as possible between
the mass standard in air and the joule balance in vac-
uum [10]–[12]. That requires an understanding of effect of
moving a mass standard between air and vacuum and the
procedures and technical equipment to make the repeated
transfer and with the minimum influence to the measurement
uncertainty [13], [14].

Considering the status of joule balance and vacuum mass
comparator, a combination design of two VTEs and one
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FIGURE 1. A combination design of two VTEs and one vacuum vessel.

vacuum vessel is introduced in this paper. One VTE is linked
with joule balance. Another is linked with vacuum mass
comparator. A vacuum vessel is used for storing the mass
standard under vacuum. As an intermediate link, it can be
put into VTE under air and take out mass standards under
vacuum. The structure of two VTEs and one vacuum vessel
is shown as figure 1. VTE in figure 1 a is in dashed line area.
VTE in figure 1 b is in dashed line area. The structure of
vacuum vessel is shown as figure 1 c.

The structure of VTE with joule balance is shown as
figure 2. The picture of VTE with vacuum mass comparator
is shown as figure 3.

FIGURE 2. The structure of VTE.

FIGURE 3. The picture of VTE.

FIGURE 4. The structure of a three- layer horizontal motion mechanical
arm.

A. VTE WITH JOULE BALANCE
VTE with joule balance is composed of a vertical motion
mechanical arm for lifting vacuumvessel, a horizontalmotion
mechanical arm for transferring mass standard between VTE
and joule balance, two laser displacement sensors, a rota-
tional and vertical motion mechanical arm for transferring
mass standard between vacuum vessel and horizontal arm,
a vacuum chamber with two pumps and a movable lifting
device. The moving distance in horizontal motion is about
1.4 m. Because of the long distance and limited room space
for horizontal movement, a three-layer mechanical arm is
designed. The structure is shown as figure 4. According to
the structure for supporting mass standard in joule balance,
an encircling manipulator similar to grasping that is shown
as figure 5 is designed. As mentioned above, the selection of
a mounting surface is a key point for the accurate horizontal
motion. The mounting surface of VTE is the same as that of
joule balance. Considering the wear of the mounting surface,
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FIGURE 5. An encircling manipulator similar to grasping.

the embedded parts are used to determine the installation
reference point.

There are three supporting points on the encirclingmanipu-
lator.When noweight is placed on the encirclingmanipulator,
it is open and the three supporting points are arranged in
a straight line. When weights are placed on the encircling
manipulator, it is closed and the three supporting points are
120 degrees apart.

One laser displacement sensor is mounted on an auxiliary
supporting inside joule balance. It is used to position the sec-
ond mechanical arm on the three-layer mechanical arm.
Another laser displacement sensor is mounted on the middle
of joule balance. It is used to positon the third mechanical arm
on the three-layer mechanical arm.

When vacuum in VTE is reached, the vacuum vessel is
opened by the vertical motion mechanical arm. In order to
ensure that the vacuum vessel rises and falls vertically and
avoid its tilt, appropriate counter-weight is allocated at the
top of the vacuum vessel. The support block material in the
vacuum vessel is PEEK. Under vacuum conditions, it will not
cause any pollution to the weights.

After the vacuum vessel is opened, the rotational and ver-
tical motion mechanical arm takes out the weight and moves
it on the horizontal motion mechanical arm. The arm consists
of two directions of motion, vertical motion and rotational
motion.

B. VTE WITH VACUUM MASS COMPARATOR
VTEwith vacuummass comparator includes a vacuum cham-
ber, a horizontal motion mechanical arm, two vertical motion
arms, displacement sensor, high definition camera, vacuum
measurement system and double stage vacuum pump system.
Figure 6 shows the inner structure of the VTE. The left
vertical motion mechanical arm is used to lift or fall a vacuum
vessel under vacuum. Then the horizontal motion mechanical
arm is used to move a weight to the right vertical motion
mechanical arm. The arm is used to lift or fall the weight
from the vacuum chamber of VTE to Load lock of M-one.
The vacuum degree of the vacuum chamber is usually 0.1 Pa,
which is the working vacuum degree. A high definition cam-
era is installed on the top of the vacuum chamber. The high
definition camera is connected to a monitor by on cable. It is
used to monitor during the move. As the whole operation
process is carried out under vacuum, it is necessary for us
to use the high definition camera for observing the operation
process.

FIGURE 6. The structure of VTE with vacuum mass comparator.

The vacuum chamber includes main body and manipulator
areas. The observation windows are located at the top of the
vacuum chamber and at the front of the vacuum chamber
respectively. Its size is 810 mm× 335 mm× 695 mm (length
× width × height). The maximum distance in horizontal
motion is 205 mm. The maximum carrying capacity is 15 kg.
The end of the horizontal motion mechanical arm depends on
the auxiliary limit of the displacement limit system to ensure
the accurate transfer of the weight.

C. VACUUM VESSEL
The vacuum vessel shown figure 1 c includes a vacuum
container, a vacuum valve, a support block and a compaction
block. The compaction block and the support block are used
to prevent the weight dropping during the movement of the
vacuum vessel. The compaction block and the support block
can be replaced according to the shape of the weights. Silicon
sphere, cylinder weight and OIML weight can be stored into
the vacuum vessel.

III. PROCESS
After the redefinition of mass unit, Planck constant is the top
of mass unit. At first, Planck constant may be disseminated
the value to the primary standard under vacuum in the joule
balance. Secondly, the value of primary standard may be dis-
seminated to the secondary standard under vacuum in vacuum
mass comparator. Finally, the value of secondary standard
may be disseminated to the working standards in air, such as
class E1.

A. STEPS IN VTE WITH JOULE BALANCE
Up to now, the primary standard is stored in air. After
the redefinition, the primary standard will be stored in a
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FIGURE 7. The situation of Step 1.

FIGURE 8. The situation of Step 2.

vacuum vessel. Before the measurement of the primary stan-
dard, it will be moved from the vacuum vessel to the joule
balance under vacuum. The VTE is connected to the Joule
Balance through two valves and a vacuum bellows. The
vacuum bellows is between two valves. The first valve is
located at the right of the vacuum bellows. The second valve
is located at the left of the vacuum bellows. The steps of
movement are shown as following.
Step 1: Put the vacuum vessel into the VTE with joule

balance in air. Before the primary standard is used, it is kept in
vacuum all the time. The status inside the vacuum vessel and
the status inside the joule balance are in vacuum. The status
inside the VTE is in air. As the pressure inside and outside
the vacuum vessel is not equal, it is impossible to open the
vacuum vessel and take out the primary standard. Two valves
are closed. The figure 7 shows the situation.
Step 2: Open the first valve (the right valve) and pump the

VTE to reach the same vacuum degree as the vacuum vessel.
The status inside the vacuum vessel, the status inside the VTE
and the status inside the joule balance are in vacuum. The
figure 8 shows the situation.
Step 3: When the pressure inside and outside the vac-

uum vessel is equal, open the vacuum vessel by the vertical
motion mechanical arm and take out the primary standard
by the rotational and vertical motion mechanical arm. The
figure 9 shows the situation.
Step 4: Move the primary standard from the rotational

and vertical motion mechanical arm to the horizontal motion
mechanical arm. The figure 10 shows the situation.
Step 5: Open the second valve (the left valve) and move

the primary standard from the horizontal motion mechanical

FIGURE 9. The situation of Step 3.

FIGURE 10. The situation of Step 4.

FIGURE 11. The situation of Step 5.

arm to the supporting in the joule balance. Because of the
long distance of horizontalmovement, two laser displacement
sensors are installed in the joule balance to help accurate
positioning [15], [16]. The figure 11 shows the situation.
Step 6: Return the horizontal motion mechanical arm to

VTE and close the second valve. After that, the measurement
of primary standard is started.

After the measurement, the primary standard is taken out
according to the opposite steps. When the status of VTE is
back to air, the vacuum vessel is taken out and moved to the
room of vacuum mass comparator [17]–[19].

B. STEPS IN VTE WITH VACUUM MASS COMPARATOR
As a secondary standard is stored in air, the secondary stan-
dard can be directly put into the vacuum mass comparator
by the front door of the vacuum mass comparator. Similarly,
the vacuum vessel is put into the VTE with vacuum mass
comparator in air. The VTE is connected to the vacuum mass
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FIGURE 12. Step A of the process.

FIGURE 13. Step B of the process.

comparator through one valves. After the following steps are
finished, a measurement under vacuum will be started. In this
paper, the steps in the process are described by schematic
diagram.
Step A: Put the vacuum vessel into the VTE with vacuum

mass comparator in air. Pump the VTE to reach the same
status as the vacuum vessel. Step A is shown as figure 12.
Step B: When the pressure inside and outside the vac-

uum vessel is equal, open the vacuum vessel by the vertical
motion mechanical arm and take out the primary standard by
the horizontal motion mechanical arm. Step B is shown as
figure 13.
Step C: Open the valve and move the primary standard

from the vacuum vessel to the vacuummass comparator. Step
C is shown as figure 14.
Step D: Place the primary standard on the weighing pan

of vacuum mass comparator, return the horizontal motion
mechanical arm to its original position and close the valve.
Step D is shown as figure 15.
Step E: Release air to return the vacuum chamber from

vacuum to air. Step E is shown as figure 16.
After the primary standard is put into the vacuum mass

comparator, the measurement between the primary standard
and the secondary standard will be started. After the value of

FIGURE 14. Step C of the process.

FIGURE 15. Step D of the process.

FIGURE 16. Step E of the process.

the secondary standard is determined, it will disseminated to
the working standard in the air by the current method.

At the end of each two-position measurement, the primary
standard and the secondary standard can be exchanged
in vacuum by the mechanical arms of the vacuum mass
comparator.
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FIGURE 17. Measurement standard deviations between two standards on
different positions.

IV. MASS MEASUREMENT UNDER VACUUM
The air buoyancy correction is an important item during the
mass measurement in air. The equation of mass measurement
in air is shown as following.

mt = mr + ρa (Vt − Vr )+1I
ms
Is

(1)

where mt is true mass of test weight, mr is true mass of refer-
ence weight, ρa is air density, Vt is volume of test weight, Vr
is volume of reference weight,1I is the indication difference
between test weight and reference weight, ms is true mass of
sensitivity weight, Is is indication of sensitivity weight.
Since there is no air buoyancy in vacuum, equation (1) is

updated as following.

mt = mr +1I
ms
Is

(2)

The measurement uncertainty under vacuum consists of the
uncertainty due to the weighing process, the uncertainty
due to the reference weight and the uncertainty due to the
mass comparator. As the value of primary standard is known
and vacuum mass comparator is also known, the unknown
variable of uncertainty comes from the weighing process in
vacuum.

There are six positions in the vacuum mass comparator
at NIM. The readability of the vacuum mass comparator is
0.0001 mg. The maximum capacity is 1 kg. After a primary
standard of 1 kg and a secondary standard of 1 kg were
put into the vacuum mass comparator, the measurements on
different position were performed. The results are shown as
figure 17. Pi (i = 1, 2 . . . 6) is the positon from 1 to 6.
For example, the primary standard is put on position1, and
the secondary standard is put on positon 2, P2:P1 is used to
express the situation.

The maximum standard deviation of two standards is
0.00033mg. Theminimum standard deviation is 0.00009mg.
The results show that the performance of vacuum mass com-
parator is good after transferring the standards from vacuum
vessel to vacuum mass comparator.

V. CONCLUSION
In order to resolve the dissemination after the redefinition of
mass unit, two VTEs and one vacuum vessel proposed for

the link between joule balance and vacuum mass compara-
tor are developed by NIM. Two vacuum transfer equipment
is developed by NIM. Vacuum vessel as the conjunction
point between joule balance and vacuum comparator is an
important component element.

According to the structure and the location of joule bal-
ance, VTE with joule balance is designed. To transfer the
primary standard between joule balance and vacuum vessel,
a combination of different motion direction manipulators is
designed. The structure of VTE with joule balance is suitable
for transferring different shape primary standard.

A multistage manipulator system is designed to transfer
weight under vacuum between VTE and vacuum mass
comparator. The experimental results show that the perfor-
mance of VTE is efficient for transferring the weights under
vacuum.
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