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Measurements of the gravitational 
constant using two independent 
methods
Qing Li1,8, Chao Xue2,3,8, Jian-Ping Liu1,8, Jun-Fei Wu1,8, Shan-Qing Yang1*, Cheng-Gang Shao1*, Li-Di Quan4, Wen-Hai Tan1, 
Liang-Cheng Tu1,2, Qi Liu2,3, Hao Xu1, Lin-Xia Liu5, Qing-Lan Wang6, Zhong-Kun Hu1, Ze-Bing Zhou1, Peng-Shun Luo1,  
Shu-Chao Wu1, Vadim Milyukov7 & Jun Luo1,2,3*

The Newtonian gravitational constant, G, is one of the most fundamental constants of nature, but we still do not have 
an accurate value for it. Despite two centuries of experimental effort, the value of G remains the least precisely known 
of the fundamental constants. A discrepancy of up to 0.05 per cent in recent determinations of G suggests that there 
may be undiscovered systematic errors in the various existing methods. One way to resolve this issue is to measure G 
using a number of methods that are unlikely to involve the same systematic effects. Here we report two independent 
determinations of G using torsion pendulum experiments with the time-of-swing method and the angular-acceleration-
feedback method. We obtain G values of 6.674184 × 10−11 and 6.674484 × 10−11 cubic metres per kilogram per second 
squared, with relative standard uncertainties of 11.64 and 11.61 parts per million, respectively. These values have the 
smallest uncertainties reported until now, and both agree with the latest recommended value within two standard 
deviations.

A precise knowledge of G is not only of considerable metrological 
interest, but also important because of the key role of G in fields such 
as gravitation, cosmology, particle physics, geophysics and astrophys-
ics. However, this constant is difficult to measure accurately because 
of the extreme weakness and non-shieldability of gravity. The first G 
value, with an uncertainty of about 1%, was obtained from Cavendish 
and Michell’s torsion pendulum experiment1 in 1798. Since then, 
more than 200 experiments have been performed to determine G2,3. 
However, the uncertainty of G has been reduced by a factor of only 
about 10 per century. In 2016, the Committee on Data for Science 
and Technology published an updated G value (CODATA-2014) of 
6.67408(31) × 10−11 m3 kg−1 s−2 with a relative uncertainty of 47 parts 
per million (p.p.m.)4, which is still many orders of magnitude larger 
than that of other important fundamental constants.

In the CODATA-2014 adjustment, fourteen values of G determined 
in the past four decades are considered with smallest relative uncer-
tainty of 14 p.p.m. However, the difference between the largest and the 
smallest G values is close to 550 p.p.m., which is almost 40 times the 
magnitude of the smallest uncertainty. Up to now, no well established 
physical theory or mechanism has been able to explain such a wide-
range scattering of the G value. The most probable explanation lies in 
undiscovered systematic errors in all or some of these experiments. In 
view of the different error sources in different experiments, the only way 
to solve this problem and improve the confidence level, as discussed by 
Quinn et al.5–8, is to measure the constant using a number of different 
methods. At the International Bureau of Weights and Measures, Quinn 
and colleagues have measured G with two methods9–11 and obtained 
results at the high end of the G values adopted in the CODATA-2014 
adjustment. In this work, we performed a new determination of G 

using torsion pendulum experiments on different apparatus with two 
completely independent methods (see Supplementary Information 
Section 1 and Supplementary Tables 1–3)—the time-of-swing (TOS) 
method and the angular-acceleration-feedback (AAF) method—so that 
unknown systematic errors in one method would be unlikely to exist 
in the other.

The TOS method, most famously used by Heyl12,13 in the 1930s, 
measures the change in the torsional oscillation frequency of a pendu-
lum with the source masses arranged in two different configurations: 
the ‘near’ position, where the source masses are in line with the equilib-
rium position of the torsion pendulum, leading to a faster oscillation, 
and the ‘far’ position, where the source masses are perpendicular to 
the equilibrium position of the torsion pendulum, resulting in a slower 
oscillation. The AAF method was first used to measure G by Rose  
et al.14 in 1969 and was considerably improved by Gundlach et al.15 In 
this method, two turntables are used to rotate the torsion pendulum 
coaxially and the source masses individually. With a high-gain feedback 
control system, the twist angle of the fibre is reduced to about zero and 
thus the angular acceleration of the pendulum is equal to the gravita-
tional angular acceleration generated by the source masses.

Experimental challenge and solution
Since the 1980s, our group has been measuring G with the TOS 
method and has obtained many phased results16–20. To reduce the ane-
lastic effect (the frequency-dependent property of the torsion spring  
constant)21–23 of the fibre, fused silicon dioxide (silica) fibres with high 
quality factor of the torsional oscillation mode (Q) were used in the pres-
ent measurements, which were performed on two independent appa-
ratus (Extended Data Fig. 1a–c). In the experiment using apparatus 1  
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(TOS-I), three different silica fibres were used to check for possible  
fibre-induced errors while all other parts of the apparatus were 
unchanged for all measurements. Apparatus 2 was placed in another 
room, about 150 m away from apparatus 1. In the experiment with 
apparatus 2 (TOS-II), a new silica fibre with another set of pendulum 
and source masses was used to test for possible errors dependent on the 
apparatus. Furthermore, we minimized other large systematic uncer-
tainties encountered in our previous experiment18,19.

Since 2008, our group has been conducting proof-of-principle 
experiments with the AAF method24,25. In this work, the apparatus 
was redesigned and completely rebuilt (Extended Data Fig. 1d–f) 
to reduce several sources of uncertainty that existed in our previous 
measurements: (1) the aluminium shelf supporting the source masses 
was substituted with an ultra-low thermal expansion (ULE) glass shelf 
to reduce the influence of temperature on the distance between the 
source masses; (2) the turntable supporting the vacuum chamber and 
the pendulum was replaced by a large hollow-bowl air bearing and 
moved from the bottom to the top of the apparatus to improve stability; 
(3) two different methods were used to measure the distance between 
the source masses and thus improve the confidence level; and (4) the 
co-moving background gravity gradient created by the rotating shelf 
was compensated directly to reduce its effect on the G measurement. 
With the AAF method, we measured the G value at three different con-
ditions (referred to as AAF-I, AAF-II and AAF-III). The selected signal 
frequency in AAF-I was different from the other two measurements. 
In AAF-III, other members of the group repeated the measurement of 
G with two additional improvements: the magnetic damper correction 
was reduced by optimizing the prehanger fibre and the magnetic effect 
was reduced by adding a Mu-metal shield around the pendulum.

Schematics of the two methods are shown in Fig. 1. In both methods, 
the heart of the apparatus is a two-stage pendulum system that consists 
of a magnetic damper and a torsion pendulum. The passive magnetic 
damper is used to suppress the swinging mode of the torsion pendu-
lum, which is excited by ambient vibration noise26. Well characterized 
stainless-steel spheres are used as the source masses. Because the deter-
mination of G is based on Newton’s formula, F = GMm/r2 (where F is 

the gravitational force between masses M and m, which are located at a 
distance r), we need to measure the dimensions, density, homogeneity 
and relative positions of the spheres with sufficient accuracy. For this 
purpose, considerable efforts were devoted to grinding and polishing 
the pendulum block and the source masses to obtain a perfect geometry 
(Extended Data Tables 1, 2). The assembly and alignment of the pendu-
lum and source masses were carried out with great care, following the 
method introduced in ref. 19 (Supplementary Information Section 2). 
To eliminate possible human errors, almost all parameters were meas-
ured repeatedly by different members of the group, and the combined 
uncertainties are shown in Table 1.

The silica fibre, a critical component in the TOS method, was pulled 
from a high-purity fused silica rod using an oxygen–natural gas flame 
(Extended Data Fig. 2). Four fibres with diameters of 40–60 μm, lengths 
of 900 mm and Q = (2–3) × 105 were selected for the experiments to 
obtain an optimal signal-to-noise ratio. The fibre surfaces were sputter- 
coated by 5-nm-thick germanium and then 10-nm-thick bismuth to 
suppress the electrostatic influence from the charges accumulated on 
the surfaces of the pendulum and fibre. The Ge buffer layer kept the 
interface dissipation low, and the conductive Bi layer enabled charge 
flow27. After coating, the quality factors were decreased to (3–6) × 104, 
but they were still one order of magnitude higher than that of the 
tungsten fibre used in our previous experiment18,19 (Q ≈ 1.7 × 103). 
Considering the correction factor 1/(πQ) proposed by Kuroda21, 
we estimate the correction to the G value due to anelasticity to be 
5–9 p.p.m., and half of this value is treated as the uncertainty (Extended 
Data Table 3).

In the AAF method, precision control of the turntable rotation 
is a key factor. It is realized by using two feedback loops with the  
proportion–integration–differentiation control algorithm25. The angular  
velocity, ωt(t), of the pendulum turntable is feedback-controlled to  
minimize the twist angle of the fibre to about zero (Fig. 2d). Meanwhile, 
the angular velocity, ωa(t), of the source-mass turntable is controlled to 
maintain a constant difference (ωd) between the angular velocities of 
the two turntables so that ωa(t) = ωd + ωt(t). Both ωt(t) and ωa(t) vary 
sinusoidally and have the same amplitude. When the two feedback 

Feedthrough

Silica �bre

Source masses

Pendulum

Magnetic damper

Tungsten �bre

Pendulum

Source masses

t

Magnetic damper

Copper tube

Shielding cylinder

Prehanger �bre

b

a

Prehanger �bre

Source-mass 
turntable

Feedthrough

Vacuum chamber

ULE-glass 
supporting shelf

Source-mass
turntable

ULE-glass disk

Clamp and ferrule
Mirror

Clamp and ferrule

Pendulum turntable

a

Three-point mounts

Fig. 1 | Sketch of the experiment. a, In the TOS method, the pendulum 
is an Al-coated fused silica block with dimensions of 91 × 11 × 31 mm3 
and mass of about 68 g. The pendulum is suspended by a thin fused silica 
fibre with a diameter of 40–60 μm and a length of 900 mm. The magnetic 
damper is suspended through a 50-mm-long, 80-μm-diameter tungsten 
fibre. Two SS316 stainless-steel spheres with an average diameter of 
57.2 mm and a vacuum mass of 778 g are used as the source masses.  
A turntable is used to change the positions of the spheres between the 
‘near’ and ‘far’ configurations (the ‘near’ configuration is shown here; 
in the ‘far’ configuration, the turntable is rotated by 90°). A hollow 
gold-coated aluminium cylinder installed between the pendulum and 
the spheres is used to shield the system from the electrostatic field. The 
pendulum and the source masses are placed inside the same vacuum 

chamber with a pressure of about 10−5 Pa maintained by an ion pump. 
The pendulum twist is monitored by an optical lever. b, In the AAF 
method, the pendulum is a gold-coated fused silica block with dimensions 
of 91 × 4 × 50 mm3 and a vacuum mass of 40 g. The main fibre is an 
870-mm-long, 25-μm-diameter tungsten fibre. The design of the magnetic 
damper is the same as that in the TOS method. Four SS316 stainless-steel 
spheres with an average diameter of 127.0 mm and a vacuum mass of 
8,541 g are used as the source masses that sit on an ULE-material shelf 
with upper and lower layers. The small deflection angle of the pendulum 
is recorded by an autocollimator. The chamber with the pendulum is 
hung under an air-bearing turntable, which is installed coaxially with the 
separate source-mass turntable. The apparatus are located in the passive 
thermal room situated in our cave laboratory.
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loops work well cooperatively, the angular acceleration signal of the 
pendulum turntable of interest appears at 2ωd with an amplitude of 
about 462 nrad s−2, and is quantified by the gravitational interaction 
strength between the pendulum and the spheres. This scheme helps 
to clearly separate the signal from the laboratory-fixed gravitational 
background and other similar noises in the frequency domain.

In this experiment, ωd was usually set to a few milliradians per sec-
ond so that the signal frequency (2ωd) was in a frequency (f) range with 
low 1/f noise inherent in the torsion fibre. For most of the experimental 
runs, ωd = 5.235988(4) mrad s−1 and the signal frequency was about 
1.67 mHz (uncertainties are 1σ unless stated otherwise). The average 
values of ωt(t) and ωa(t) were about 2.44 mrad s−1 and −2.79 mrad s−1 
(the minus sign denotes opposite rotation direction), respectively, 
which were chosen to be far from the harmonic signals of the labora-
tory-fixed background and make the turntable operate at appropriate 
rotating speeds. Furthermore, when we used an angular velocity dif-
ference of ωd = 7.853982(3) mrad s−1 (where ωt(t) ≈ 3.49 mrad s−1 and 
ωa(t) ≈ −4.36 mrad s−1), the signal frequency was about 2.50 mHz in 
AAF-I, and we found no dependence of the result on angular velocity.

In both methods, the relative position of the spheres to the pen-
dulum is much less critical, but the distance between the geometric 
centres of the spheres (Extended Data Fig. 3) must be measured with 
high accuracy. To improve the position stability of the spheres, updated 
three-point mounts were used to support the spheres. The position 
repeatability and the influence of temperature and vibration were inves-
tigated in detail28. Furthermore, a ULE-material disk or shelf was used 
to support the three-point mounts to reduce the temperature influence 
on the distance. In the TOS method, the distance of the geometric 

centres of the spheres was measured before and after each experiment 
by using the rotating gauge block method29 with an uncertainty of less 
than 0.4 μm. In the AAF method, four distances (Extended Data Fig. 3) 
between the geometric centres of the four spheres were determined 
using a coordinate measuring machine with an uncertainty of less 
than 2.0 μm. The horizontal separations were verified with the rotating 
gauge block method, and the vertical surface separations were checked 
by inserting a small gauge block (1–2 μm thinner than the gap) in the 
gap between the sphere surfaces. The results obtained with different 
methods agree with each other within 2 μm. The temperature effect on 
the distances of the geometric centres of the spheres was investigated by 
temperature modulation experiments (Extended Data Table 4).

Main systematic errors
The analysis of systematic effects is crucial in measuring the intrinsi-
cally weak gravitational force. Some of the main systematic errors are 
discussed in the following (Extended Data Table 3).

Density inhomogeneity of the pendulum and source masses
In both methods, the density inhomogeneity of the pendulum body and 
the source masses influences the accuracy in calculating the gravita-
tional torque and the moment of inertia of the pendulum. The planar 
density distribution of the glass pendulum was measured by the opti-
cal interference method30, which provides an uncertainty of less than 
0.5 p.p.m. in both methods. The density inhomogeneity of the source 
masses was measured using three methods: (i) scanning slices cut from 
the sample sphere with scanning electron microscopy31, which yields 
an uncertainty of less than 0.1 p.p.m. to the value of G; (ii) measuring 

Table 1 | Contributions of various experimental parameters to the main error budget of the measurements, expressed in parts per million
Parameter TOS-I Fibre 1 TOS-I Fibre 2 TOS-I Fibre 3 TOS-II Fibre 4 AAF-I AAF-II AAF-III

Pendulum

Dimensions 1.82 1.82 1.82 2.73 0.16 0.16 0.16

Attitude 0.01 [0.02] 0.01 0.05 [0.03] 0.02 0.06 0.06 0.03

Density inhomogeneity 0.20 0.20 0.20 0.20 0.46 0.46 0.46

Coating layer 0.86 0.86 0.86 0.73 0.34 0.34 0.34

Clamp and ferrule 0.15 0.15 0.15 0.33 0.70 1.05 0.48

Others 0.40 0.37 0.39 0.26 0.29 0.29 0.29

Source masses

Masses 0.73 0.73 0.55 0.55 0.32 0.31 0.31

Horizontal distance 8.73 8.73 8.47 9.53 [9.27] 8.98 8.98 8.98

Vertical distance − − − − 5.79 5.79 5.79

Positions, alignment 1.51 [1.60] 0.64 1.81 [1.85] 0.63 [0.68] 0.57 0.62 0.35

Fibre nonlinearity 1.45 4.84 1.10 [1.03] 1.67 [1.26] − − −

Fibre anelasticity 3.00 4.19 2.84 3.46 0.01 0.01 0.01

Thermal effect 0.71 3.41 0.77 [0.61] 0.97 [1.46] 0.91 0.91 0.91

Time base 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Gravitational nonlinearity 0.62 0.62 0.62 0.22 − − −

Rotating gravity gradient − − − − 1.86 1.35 1.72

Shelf deformation − − − − 1.51 1.51 1.51

Magnetic damper 0.08 1.19 0.05 0.08 1.95 1.95 0.08

Air density − − − − 1.00 1.51 1.13

Magnetic field 2.08 2.08 2.08 0.71 3.98 3.98 0.90

Electrostatic field 0.17 0.17 0.17 0.17 − − −

Angle encoder − − − − 0.72 0.72 0.72

Residual twist angle − − − − 0.03 0.61 0.45

Statistical error of Δω2 or αt 10.22 [10.83] 30.67 12.03 [10.22] 13.78 [13.78] 3.44 2.60 1.34

Total 14.29 [14.74] 32.88 15.46 [14.09] 17.49 [17.35] 12.45 12.27 11.21

Combined uncertainty 13.67 32.88 13.96 15.59 − − −

For fibres 1, 3 and 4, each G measurement was performed twice with random orientations of the source masses. The values in the square brackets represent the values obtained in the repeated experiments. 
Uncertainties are one standard deviation. ‘Others’ includes effects due to the pendulum mass, the reflecting mirror, glues, edge flaws and the silica rod. ‘Thermal effect’ includes the fibre thermoelasticity in 
the TOS method. In the AAF method, the fibre thermoelasticity is negligible because the fibre does not twist, and the thermal effect is evaluated by modulating the temperature in the room.
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the offset of the centre of mass from the geometric centre by using a 
beam balance32; (iii) measuring the same centre offset by using the 
air-bearing method. The eccentricities of the source masses determined 
by methods (ii) and (iii) are less than 0.3 μm in the TOS method and 
less than 1.3 μm in the AAF method. These eccentricities are mainly 
caused by nonsphericities, which were considered in the determination 
of the geometric centre distance between the spheres. Furthermore, 
the orientations of the spheres were changed randomly before each 
run to further average out the effects of density inhomogeneity and 
nonsphericity.

Magnetic damper
The magnetic damper, which is generally used to suppress the swing-
ing modes of the torsion pendulum, introduces an additional effect 
to the G measurement. The correction for this effect is ImK2/(IKm

2) 
in the TOS method19 and ImK/(IKm) in the AAF method24, where I 
and Im are the moments of inertia of the pendulum and the magnetic 
damper and K and Km are the torsion spring constants of the main fibre 
and the prehanger fibre, respectively. In the TOS method, we choose a 
∼50-mm-long, 80-μm-diameter tungsten fibre as the prehanger fibre, 

and a correction of only a few parts per million is required to the G 
value. In the AAF method, we use the same design for the magnetic 
damper and the prehanger fibre, which contributes a correction of 
455.40(1.95) p.p.m. to the G value in AAF-I and AAF-II. This correc-
tion is reduced to 25.74(8) p.p.m. by decreasing the length (∼35 mm) 
and increasing the diameter (150 μm) of the prehanger fibre in AAF-III 
(Supplementary Table 1).

Coating layer on the pendulum
The surface of the pendulum is coated with a thin metal film to elimi-
nate the electrostatic effect. Gold is commonly used as a coating mate-
rial to achieve a smooth conductive surface. The coating layer increases 
the moment of inertia of the pendulum and the gravitational torque 
exerted by the source masses. In the AAF method, a ~400-nm-thick 
Au/Cu layer (Cu is the sublayer) is coated on the pendulum surface, 
which introduces a correction of −9.10(34) p.p.m., as evaluated accord-
ing to the thickness distribution and the mass of the coating layer. In a 
previous experiment33 using the TOS method, the Au/Cu coating layer 
introduced a correction of −24.28(4.33) p.p.m. to the G value. In this 
work, a ∼200-nm-thick aluminium layer is used to replace the Au/Cu 

Fig. 2 | Experimental data. a, Typical periods extracted from 10 sets 
of time-series angle data in the TOS method for one fibre. The period 
difference between the ‘near’ and ‘far’ positions is about 1.7 s. The 
statistical uncertainty of each data point extracted from a three-day data 
segment is about 0.03 ms. The ‘A-B-A’ method19 is used to determine the 
period difference and reduce the effect of the period drift (dot-dashed 
lines) due to the ‘aging’ effect of the fibre. b, Typical sets of background 
periods measured without the source masses. c, The 7 values of G obtained 
using four fibres and the TOS method. The measurement was carried out 
once with fibre 2 and twice with random orientations of the source masses 
for fibres 1, 3 and 4. d, The typical power spectral density (PSD) of the 

twist angles of the pendulum for the AAF method. At the signal frequency 
of interest, the typical residual twist angle of the pendulum is 17.1(3) nrad, 
contributing a correction of 4.37(9) p.p.m. to the value of G. e, Two-
hour segment of the angular acceleration data of the torsion pendulum 
turntable. The curve is jagged mainly owing to the mixture of the 
laboratory-fixed environment gravitational gradient signal with the signal 
of interest (Supplementary Information Section 5, Supplementary Fig. 2). 
f, The values of G obtained by the AAF method. Each point denotes the 
value of G obtained with different orientations of the spheres. The signal 
frequency is about 2.50 mHz in AAF-I and ~1.67 mHz in AAF-II and 
AAF-III. All error bars denote 1σ confidence level.
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layer, and the correction is reduced to less than 2 p.p.m. owing to the 
low density of Al.

Air density
In the AAF method, the source masses are located in air, outside the 
vacuum chamber. The volume of air displaced by the sphere introduces 
a negative gravitational torque at the signal frequency. The associated 
correction to G is ρair/ρsphere, where ρair ≈ 1.18 kg m−3 is the average 
air density, which is monitored by an air density measurement system, 
and ρsphere ≈ 7,965 kg m−3 is the average sphere density. The average  
correction is 148.50 p.p.m. with an uncertainty of less than 1.51 p.p.m. 
In each run, the correction for this effect is applied in real time accord-
ing to the measured air density. In the TOS method, both the pendulum 
and source masses are placed in the same vacuum chamber, thus no air 
density effect needs to be considered.

The thermal effect
In both methods, corrections were applied for thermal effects on all 
the geometrical parameters, such as the pendulum’s dimensions and 
the distance between the geometric centres of the spheres. The torsion  
spring constant of the fibre is also temperature-dependent owing to 
thermoelasticity34. For a small range of temperature variation, the 
spring constant of the fibre is linearly proportional to the temperature. 
The typical thermoelastic coefficient of the silica fibre used in this work 
was determined to be 101(1) × 10−6 °C−1 using a temperature modu-
lation experiment23,35,36. This coefficient is slightly different from fibre 
to fibre. According to the monitored temperature variation around the 
fibre, the correction for the thermoelastic effect was applied synchro-
nously for each run when extracting the oscillation frequency of the 
pendulum in the TOS method (Extended Data Table 5).

In the AAF method, the thermoelastic effect is negligible because the 
fibre does not twist. In addition, the temperature variation in the room 
was increased to about 1 °C, and the response coefficient of angular 
acceleration of the pendulum turntable was measured to be (2.2 ± 3.6) ×  
10−12 rad s−2 °C−1 (Extended Data Fig. 4). Considering that the  
temperature variation was less than 0.1 °C during each experimental 
run, it contributes an uncertainty of no more than 0.91 p.p.m.

The electrostatic effect
In the TOS method, the electrostatic disturbance was effectively 
reduced by the shield inserted between the pendulum and the source 
masses. During data acquisition, the pendulum, the shield and the 
source masses were all grounded. However, the fluctuation of the 
electrostatic potential difference between the shield and the pen-
dulum could change the effective spring constant of the fibre and 

affect the oscillation period. We measured the oscillation period of 
the pendulum for a varying voltage applied on the shield. The typical 
response coefficient of the period to the voltage was −28.6(1) ms V−1 
near 0 V, corresponding to an extra electrostatic spring constant of 
1.34(1) × 10−12 N m rad−1 per volt. When the spheres were exchanged 
between the ‘near’ and ‘far’ positions, the potential variation on the 
shield was measured by a digital multimeter to be less than 10 μV, 
which contributes an uncertainty of no more than 0.17 p.p.m. to the 
G value. We applied different voltages on the shield in the sequence 
ground, 0.1 V, −0.1 V, ground, and found that the period of the pen-
dulum changed correspondingly, but the period differences between 
the ‘near’ and ‘far’ positions were consistent with each other (Extended 
Data Fig. 5). This further confirms that the electrostatic effect on the G 
measurement with the TOS method is very small.

In the AAF method, a grounded vacuum chamber made of alumin-
ium alloy shields electrostatically the grounded pendulum from the 
source masses. We found no substantial influence of the pendulum 
oscillation on the noise spectrum when a 1-mHz square wave voltage 
with an amplitude of about 10 V was applied on the upper-layer spheres 
(Fig. 1b).

The magnetic effect
In the TOS method, the interaction between the local magnetic field 
and residual magnetic moment of the spheres produces an additional 
torque on the pendulum. The contribution of this effect to the uncer-
tainty of G was evaluated to be 2.08 p.p.m. (in TOS-I) and 0.71 p.p.m. 
(in TOS-II), following the method used in ref. 37. In the AAF method, 
the horizontal magnetic gradient generated by the source masses pro-
duces a periodic torque on the pendulum at a signal frequency of 2ωd. 
We measured this correction to be 24.2(1.4) p.p.m. when an increased 
gradient of 0.31(1) Gs m−1 is produced by a current coil placed on the 
source-mass position. Because the background gradient induced by the 
four spheres is about 0.05 Gs m−1, the contribution to the uncertainty 
of G is less than 3.98 p.p.m. in AAF-I and AAF-II. In AAF-III, three 
layers of Mu-metal shields were used to enclose the pendulum, and this 
error was reduced to less than 0.90 p.p.m.

Data acquisition and analysis
In the TOS method, all the data, including the pendulum twist, the tem-
perature, seismic disturbances and fluctuations of the air pressure, were 
taken at a regular intervals of 0.5 s triggered by a rubidium clock with 
a stability of 1 × 10−11 (at 1 s) and a frequency accuracy ≤1 × 10−10. 
The data taking procedure for all experimental runs was the same as 
that used in our previous experiments18,19. The acquisition time was 
three days for one position and the initial amplitude of the pendulum  

Fig. 3 | Comparison with previous results. G values obtained in this work 
compared with recent measurements (NIST-8239, TR&D-9640, LANL-9741, 
UWash-0015, BIPM-019, UWup-0242, MSL-0343, HUST-0516,17, UZur-0644, 

HUST-0918,19, JILA-1045, BIPM-1410,11, LENS-1447, UCI-1446) and the 
CODATA-2014 value4. All error bars denote 1σ confidence level.
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oscillation was 3–4 mrad with an accuracy better than 56 μrad. 
Typically, 10 sets of data were taken with the source masses in the two 
configurations alternately. The periods of the pendulum oscillation at 
the two configurations were extracted from the time-series angle data 
by the correlation method38, and a typical result is shown in Fig. 2a. 
The thermoelastic and nonlinear properties of the fibre and the gravita-
tional nonlinearity of the source masses were corrected synchronously 
(Supplementary Information Section 3 and Supplementary Table 4). In 
addition, the effects of the co-moving background gravitational gra-
dient from the turntable and the supports were measured without the 
source masses following the above procedure. For each fibre, 10 sets of 
background data were collected (Fig. 2b), which were subtracted from 
the result obtained with the source masses in position.

In the AAF method, all data were taken at regular intervals of 1 s 
triggered by the same kind of rubidium clock as that used in the TOS 
method. In each interval, the data obtained in the first half second 
(Δt) were averaged and then saved in a computer during the second 
half of the interval. The pendulum turntable angle was numerically 
differentiated twice with a time increment of ΔT = 10 s to yield the 
angular acceleration, a typical segment of which is shown in Fig. 2e. 
The true amplitude of the angular acceleration is attenuated by a fac-
tor of sin(ωdΔt)/(ωdΔt) and [sin(ωdΔT)/(ωdΔT)]2 owing to the data 
average in the first half second and the numeric derivative, respectively 
(Supplementary Information Section 4). The asymmetric mass distri-
bution and imperfection of the ULE-glass shelf and the rotating parts 
of the source-mass turntable can generate a gravitational signal on the 
pendulum at the frequency of interest. To eliminate this co-moving 
background gravity gradient effect, we placed specially fabricated mass 
blocks on the shelf to compensate for the gravity gradient, and this 
effect was reduced to less than 2 p.p.m. (Supplementary Information 
Section 5 and Supplementary Fig. 1).

In AAF-I, four data sets were recorded, each of them 3–6 days long. 
In each run, the orientation of each sphere was changed by a random 
azimuthal angle to average out the density inhomogeneity effect of the 
source masses. The least-squares method was used to fit the angular 
acceleration data of the pendulum turntable, including the signal and 
its harmonics, the laboratory-fixed background and its harmonics, the 
linear drift and the offset. In AAF-II and AAF-III, the signal frequency 
2ωd was changed from ∼2.50 mHz (used in AAF-I) to ∼1.67 mHz. In 
AAF-II and AAF-III, 10 and 15 sets of data were taken with differ-
ent orientations of the spheres in each run, respectively. The G values 
determined from the three individual experiments are consistent, as 
shown in Fig. 2f.

Results
The systematic and statistical uncertainties are presented in Table 1. In 
the TOS method, fibres 1–3 and fibre 4 were used in TOS-I and TOS-II, 
respectively. Because the change in the period between two positions 
using fibre 2 is only 10% of that obtained when using other fibres, 
owing to the thicker diameter of fibre 2, a larger relative uncertainty 
of Δω2 (the change of the squared frequency of the torsion pendulum 
with the source masses at the two configurations) is introduced. From 
2014 to 2017, the G measurement was carried out once with fibre 2 
and twice with random orientations of the source masses for fibres 1, 
3 and 4. We obtained seven values of G for the four fibres (Fig. 2c and 
Supplementary Table 2). The weighted mean values of G for fibres 1, 
2, 3 and 4 are 6.674187(91)G0, 6.674237(219)G0, 6.674269(93)G0 and 
6.674061(104)G0 with relative uncertainties of 13.67, 32.88, 13.96 and 
15.59 p.p.m., respectively, where G0 = 10−11 m3 kg−1 s−2. These four 
results show good consistency within the relevant uncertainties. The 
correlations of the uncertainty components of the four results are dis-
cussed in Supplementary Information Section 6. Taking into account 
the correlation between the four fibres, the weighted mean value of G 
for the TOS method is 6.674184(78) × 10−11 m3 kg−1 s−2 with a com-
bined relative uncertainty of 11.64 p.p.m. (1σ). The relative weights of 
the four G values are estimated as the reciprocal of the square of their 
uncertainties and are 0.345, 0.060, 0.330 and 0.265, respectively.

In the AAF method, the three experiments, AAF-I, AAF-II 
and AAF-III, give G values of 6.674534(83)G0, 6.674375(82)G0  
and 6.674535(75)G0 with relative uncertainties of 12.45, 12.27 and 
11.21 p.p.m., respectively (Supplementary Table 3). According to the 
method discussed above, the relative weights of these G values are esti-
mated to be 0.306, 0.315 and 0.378, respectively. Taking into account the 
correlation between the three individual experiments (Supplementary 
Information Section 6), the weighted mean value of G for the AAF 
method is 6.674484(78) × 10−11 m3 kg−1 s−2 with a combined relative 
uncertainty of 11.61 p.p.m. (1σ).

Figure 3 shows a comparison of our results with the values of recent 
experiments9–11,15–19,39–47 and the CODATA-2014 adjustment4. It 
should be emphasized that different members of our group carried 
out the TOS-method and AAF-method experiments on different appa-
ratus, so there is no correlation between the systematic errors of the two 
methods, to the best of our knowledge. The G values obtained with the 
two independent methods have the smallest uncertainty reported until 
now and both agree with the CODATA-2014 value within a 2σ range, 
indicating the substantial contribution of this work to the determina-
tion of the true value of G.

Furthermore, the value obtained here with the TOS method is larger 
than our previous measurement (HUST-0918,19 in Fig. 3) by more 
than a hundred parts per million, but we currently have no definite  
explanation for the inconsistency between the two results 
(Supplementary Information Section 7). This illustrates that deter-
mining the true value of G is very difficult, and further measurements 
are needed in the future.

Data availability
The data that support the findings of this study are available from the correspond-
ing authors on reasonable request.
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Extended Data Fig. 1 | Photographs of the experimental apparatus. 
a, Apparatus 1, used in TOS-I. b, Apparatus 2, used in TOS-II. c, The 
suspended pendulum and source masses in the vacuum chamber used 
in the TOS method. The copper tube around the fibre is used to reduce 
the temperature gradient. The electrostatic shield (here elevated to show 
the pendulum), the three-point mounts, the ULE-glass disk and the 

turntable are also shown. d, The preliminary apparatus used to perform 
the proof-of-principle measurements24,25 of G using the AAF method. 
e, The improved apparatus used in the present work. The apparatus was 
completely rebuilt to reduce several sources of uncertainty encountered in 
the proof-of-principle experiments (see text for details). f, The suspended 
pendulum and the optical path system used in the AAF method.
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Extended Data Fig. 2 | Fabrication of the silica fibre and measurement 
of its Q factor. a, Photograph of a silica fibre pulled from a rod over an 
oxygen–natural gas flame. b, Magnetron sputtering equipment used for  
the coating of the silica fibres. c, The Bi target, with a height of ∼1 m. 
The Ge target (not shown here) is similar. The two targets are installed on 
opposite sides of the coating equipment, with the fibre located between  
the two targets and rotated continuously. The surfaces of the fibres were 
coated with a 5-nm-thick Ge layer and then a 10-nm-thick Bi layer.  
d, Typical decay curves of the torsional amplitude of a pendulum 
suspended by a ∼45-μm-diameter fibre. Curve A represents the uncoated 
silica fibre, with a Q factor of 2.6 × 105. Curve B corresponds to the coated 
silica fibre, with a Q factor of 5.5 × 104. The dot-dashed lines denote fitting 
curves of the exponential function A = A0exp(−πf0t/Q), where A0 is the 
initial amplitude, f0 is the free oscillation frequency and t is the time.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 3 | Schematic diagram of the source masses. a, b, In 
the TOS method, spheres 1 and 3 are used in apparatus 1 (TOS-I; a) and 
spheres 2 and 4 are used in apparatus 2 (TOS-II; b). S1,3 and S2,4 are the 
horizontal distances of the geometric centres of the spheres in apparatus  

1 and 2, respectively. c, In the AAF method, spheres 7, 9, 10 and 12 are 
used. S7,9 and S10,12 are the horizontal distances and S7,10 and S9,12 are the 
vertical distances between the geometric centres of the spheres.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 4 | Effect of temperature on the measurement of 
the angular acceleration in the AAF method. A modulation experiment 
was carried out by increasing the temperature variation in the room to 
about 1 °C. Solid circles represent the average angular acceleration of the 
pendulum turntable over 12-h data taking periods. The dashed line with 

a slope of (2.2 ± 3.6) × 10−12 rad s−2 °C−1 represents the least-squares 
fitting curve. The result indicates that the apparatus is insensitive to the 
temperature variation and that a temperature variation of less than 0.1 °C 
during each experimental run contributes an uncertainty of less than 
0.91 p.p.m. to the G measurement.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 5 | Electrostatic effect on the measurement of the 
pendulum period in the TOS method. Different voltages are applied 
on the shield in the sequence: ground, 0.1 V, −0.1 V, ground. For each 
voltage, 4–5 sets of measurements of the pendulum period are performed 
at the ‘near’ and ‘far’ configurations. The corresponding change of the 
frequency squared (Δω2) for the steps of the sequence is determined to be 

1.662192(8) × 10−6 s−2, 1.662184(16) × 10−6 s−2, 1.662181(15) × 10−6 s−2 
and 1.662200(13) × 10−6 s−2, respectively. The results show that the period 
changes with the applied voltage, but the Δω2 values for the ‘near’ and 
‘far’ configurations are consistent with each other within the statistical 
uncertainty. The dot-dashed lines are polynomial fitting curves that 
represent the period drift due to the ‘aging’ effect of the fibre.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Table 1 | Dimensions and masses of the pendulums

In the TOS method, pendulum 1 is used in apparatus 1, and all the dimensions are converted to the values at 20.2 °C. Pendulum 2 is utilized in apparatus 2, and all the dimensions are converted to the 
values at 21.5 °C. Pendulum 3 is used in the AAF method, and all the dimensions are converted to the values at 23.7 °C. The temperature is the average value over the data acquisition period in each 
measurement of G. Uncertainties are one standard deviation.
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Extended Data Table 2 | Parameters of the source masses

In the TOS method, spheres 1 and 3 are used in TOS-I, and all the dimensions are converted to the values at 20.2 °C. Spheres 2 and 4 are utilized in TOS-II, and all the dimensions are converted to the 
values at 21.5 °C. Spheres 7, 9, 10 and 12 are used in the AAF method, and all the dimensions are converted to the values at 23.7 °C. Uncertainties are one standard deviation.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Table 3 | Comparison of several main corrections between the current experiment and our previous experiment18,19

Coating layer: in the current experiment with the TOS method, the effect of the coating layer is reduced by choosing aluminium as the coating material to replace Au/Cu, which was used in a previous 
experiment (HUST-09)18,19. Clamp and ferrule: in the current experiment with the TOS method, the aluminium clamp and ferrule that used to connect the pendulum and the silica fibre in the previous 
experiment are miniaturized. The corresponding corrections are reduced to 1/18 and 1/8 of those in HUST-09, respectively. ‘Others’ includes effects due to the pendulum mass, the reflecting mirror, 
glues, edge flaws and the silica rod in both methods. Fibre anelasticity: this effect is reduced by choosing the high-Q silica fibre to replace the tungsten fibre used in HUST-09. Magnetic damper: this 
effect is reduced when the prehanger fibre is shorter and thicker. Data averaging and numerical derivatives: the true amplitude of the angular acceleration of the pendulum turntable is attenuated by a 
factor of [sin(ωdΔt)]/(ωdΔt) and {[sin(ωdΔT)]/(ωdΔT)}2 owing to averaging in the data acquisition and the use of numerical derivatives in data processing, respectively (see Supplementary Information 
Section 4). Values in parentheses are the uncertainties of the corrections. Uncertainties are one standard deviation.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Table 4 | Distance between the geometric centres of the spheres

In the TOS method, the temperature coefficient is measured to be less than 0.11 μm °C−1. The temperature variation is less than 0.1 °C during each experimental run, which contributes an uncertainty 
of 0.30 p.p.m. In the AAF method, the temperature coefficient of the horizontal geometric centre (GC) distance of the upper-layer spheres is −1.9(1) μm °C−1, which is used to correct the geometric 
centre distances. The lower horizontal and the vertical geometric centre distances are found to be constant within an uncertainty of 2 μm for a temperature change of 4 °C. Uncertainties are one 
standard deviation.
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Extended Data Table 5 | Thermoelastic effect corrections for each fibre used in the TOS method

Uncertainties are one standard deviation.
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