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M A T E R I A L S  S C I E N C E

On-chip torsion balances with femtonewton force 
resolution at room temperature enabled by carbon 
nanotube and graphene
Lin Cong1, Zi Yuan1, Zaiqiao Bai2*, Xinhe Wang3, Wei Zhao4, Xinyu Gao1, Xiaopeng Hu1,5, 
Peng Liu1, Wanlin Guo6*, Qunqing Li1, Shoushan Fan1, Kaili Jiang1,5*

The torsion balance, consisting of a rigid balance beam suspended by a fine thread, is an ancient scientific instru-
ment, yet it is still a very sensitive force sensor to date. As the force sensitivity is proportional to the lengths of the 
beam and thread, but inversely proportional to the fourth power of the diameter of the thread, nanomaterials 
should be ideal building blocks for torsion balances. Here, we report a torsional balance array on a chip with the 
highest sensitivity level enabled by using a carbon nanotube as the thread and a monolayer graphene coated 
with Al nanofilms as the beam and mirror. It is demonstrated that the femtonewton force exerted by a weak laser 
can be easily measured. The balances on the chip should serve as an ideal platform for investigating fundamental 
interactions up to zeptonewton in accuracy in the near future.

INTRODUCTION
The torsion balance, or more generally the torsion pendulum, is one 
of the most ancient scientific instruments, but it is still actively used 
today as a precise measuring device. It was used to discover Coulomb’s 
law (1) and to determine the density of Earth (2) in 1785 and 1798, 
respectively. A detailed description of the history of the torsion bal-
ance can be found in a thorough review article by Gillies and Ritter 
(3). The instrument has played an important role in a wide variety of 
applications (4–8). One key focus of scientific explorations still active 
today is to determine the gravitational constant more precisely (9–17).

The intrinsic force sensitivity (S) of a torsion balance is propor-
tional to the lengths of the beam (L) and suspension thread (l) but 
inversely proportional to the fourth power of the diameter of the 
thread (d) such that S = L/2 = 16Ll/Gd4, where  = Gd4/32l is the 
torsional spring constant, which is proportional to the shear modulus 
(G) of the thread (18). Therefore, the most efficient way to achieve 
high sensitivity is to reduce the diameter of the suspension thread as 
much as possible.

In 1931, Kappler (19) used a centimeters-long thread, which was 
only a few tenths of a micrometer in diameter, to fabricate their 
highly sensitive torsion balance and set a record for an intrinsic force 
sensitivity that has never been approached. However, further reduc-
tion in diameter is limited by manufacturing and the surface prop-
erties of the materials used.

Carbon nanotubes (CNTs) have hitherto been one of the stron-
gest and thinnest materials known (20, 21). In particular, CNTs have 
an ultrahigh aspect ratio (22) conducive to being used as the torsion 

balance thread. Much effort has been devoted to using a CNT as the 
torsion spring or bearing in a nanoelectromechanical system (NEMS) 
device (23–26), and a CNT-based torsion pendulum has been suc-
cessfully fabricated (27) with a measured torsional spring constant 
as low as 3.7 × 10−15 N·m per radian. The theoretically predicted 
torsional spring constant can be even smaller (28, 29), down to 1.01 × 
10−20 N·m per radian, which is due to the extremely small diameter 
of the CNT. However, the realized sensitivity remains several orders 
lower than the record created by Kappler.

Here, we show that with the recent advancement of synthesizing 
ultralong CNTs (22, 30) and large-area graphene (31, 32), we are now 
able to substantially increase the lengths of the balance beam (L) and 
suspension thread (l) and thus greatly improve the sensitivity to the 
same level as the Kappler’s instrument and more than four orders of 
magnitude higher than other instruments in the literature. Moreover, 
our torsion balance is only 1% to 0.1% the size of the Kappler’s 
device and its fabrication is compatible with the semiconductor pro-
cessing such that it can be incorporated into a 4 × 4 array on a chip.

RESULTS
Design of the torsion balance
In our design, as shown in Fig. 1, an individual CNT with a diameter 
of a few nanometers was used as the thread to suspend the ultralight 
beam made of a monolayer graphene sheet coated with Al nano-
films. Each balance in the array is 300 m × 300 m, with a suspen-
sion length of l = 110 m and a beam length of L = 120 m. From the 
beam geometry and density of the material, it can be determined 
that the mass of the balance beam (m) was 8.14 × 10−13 kg, and its 
moment of inertia (I) was 9.76 × 10−22 kg·m2, which is 10 orders of 
magnitude lower than that of Kappler’s instruments (see table S1) 
(19). The extremely low moment of inertia reduces the measurement 
time to subseconds at room temperature, while Kappler’s instrument 
takes hours (19).

Fabrication of the torsion balance array
The fabrication process of the torsion balance array is shown sche-
matically in Fig. 2 and described in detail in Materials and Methods. 

1State Key Laboratory of Low-Dimensional Quantum Physics, Tsinghua-Foxconn 
Nanotechnology Research Center, Department of Physics, Tsinghua University, 
Beijing 100084, China. 2Department of Physics, Beijing Normal University, Beijing 
100875, China. 3Fert Beijing Research Institute, School of Microelectronics and Beijing 
Advanced Innovation Centre for Big Data and Brain Computing (BDBC), Beihang 
University, Beijing 100191, China. 4No. 58th Research Institute of China Electronics 
Technology Research Group Corporation, Wuxi 214035, China. 5Frontier Science 
Center for Quantum Information, Beijing 100084, China. 6Key Laboratory for Intelli-
gent Nano Materials and Devices of Ministry of Education, State Key Laboratory of 
Mechanics and Control of Mechanical Structures, and Institute of Nanoscience, 
Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China.
*Corresponding author. Email: baizq@bnu.edu.cn (Z.B.); wlguo@nuaa.edu.cn (W.G.); 
jiangkl@tsinghua.edu.cn (K.J.)

Copyright © 2021 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

mailto:baizq@bnu.edu.cn
mailto:wlguo@nuaa.edu.cn
mailto:jiangkl@tsinghua.edu.cn


Cong et al., Sci. Adv. 2021; 7 : eabd2358     17 March 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 6

First, we prepared a free-standing graphene-CNT film (GCF) (Fig. 2, 
A to C) and transferred it to a prefabricated silicon wafer with an 
array of 300 m × 300 m square through-holes (Fig. 2D). A focused 
laser was used to define an 80-m-wide GCF strip as the skeleton of 
the mirror (Fig. 2E). We then transferred an individual CNT to the 
GCF-covered substrate as a suspension thread (Fig. 2F). Last, 10 nm 
of Al was deposited on both sides of the substrate to obtain a high-
reflectivity mirror (Fig. 2G), and we removed the parts of the GCF 
that connect the mirror to the substrate with a laser (Fig. 2H). At 

this point, the mirror was able to rotate in the light field of the mi-
croscope with the CNT as the axis (see movie S1). The CNT torsion 
balance with a 110-m-long CNT suspension thread and a 120 m × 
80 m rectangular mirror was finally obtained by carefully orienting 
the substrate from a horizontal to vertical position (Fig. 1A). It should 
be mentioned that, when the substrate is turned to vertical, the lower 
part of CNT is slack. Only the upper part serves as the torsion thread. 
Thus, the CNT thread is automatically vertically aligned. Figure 2I 
shows a Si substrate with a 4 × 4 array of CNT torsion balances 
fabricated after step (Fig. 2E), one of which after step (Fig. 2H) is 
displayed in an optical microscope photograph in Fig. 2J. The ultra-
thin mirror appears to be floating in air because the CNT thread is 
invisible under an optical microscope.

Measurement and results
To eliminate the influence of air currents, the CNT torsion balance 
was sealed in a vacuum chamber evacuated to 10−6 Pa. The vacuum 
chamber is put on an optical workstation with Newport high-
performance laminar flow isolator (S-2000 series). Thus, the vibra-
tion and mechanical noise from the environment has been isolated. 
When performing the measurement, the dry pump and turbo pump 
were stopped, and only the ion pump is working to maintain the 
vacuum. The optical measurement setup is illustrated in Fig. 3A 
(see fig. S1 for the entire apparatus). A laser beam with power of 
a few microwatts was focused by a 10-cm focal length lens on the 

Fig. 1. Schematic illustration of the torsion balance unit. It consists of an Al/
graphene/CNT/Al mirror with beam length L suspended by an individual CNT with 
diameter d and suspension length l.

Fig. 2. The fabrication process of the CNT torsion balance. (A) Superaligned CNT film stuck on graphene/Cu foil after alcohol infiltration. (B) Inverted CNT/graphene/
Cu-foil three-layer structure floating on corrosive solution. (C) GCF rinsed with deionized water after etching Cu away. (D) GCF transferred to a substrate. (E) Laser-trimmed 
GCF stripe acting as the skeleton of the mirror. (F) Substrate assembled with an individual CNT. (G) Semifinished torsion balance with 10-nm Al film deposited on both 
sides of the GCF stripe. (H) CNT torsion balance ultimately obtained by cutting off the connecting parts. (I) Si substrate with a 4 × 4 array of CNT torsion balances fabricated 
after step (E). Scale bar, 5 mm. Photo credit: Kaili Jiang, Tsinghua University. (J) Optical microscope photograph of a torsion balance after completing the fabrication process. 
The dashed line indicates the position of the CNT thread. Scale bar, 100 m.
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mirror to exert photon pressure that causes the torsion balance to 
rotate at a small angle around the CNT thread. The induced angle 
was measured with a line array charge-coupled device (CCD) sensor 
(Thorlabs LC100 Line Camera) by detecting the position of the re-
flected light. The line array CCD sensor, which was positioned 7 cm 
away from the torsion balance, comprised 2048 light-sensitive pixels 
(each 14 m wide), corresponding to a deflection angle range of 
0.2 rad. The angular position of the reflected light was determined 
by the pixel where the maximum value of the intensity distribution 
in the reflected light spot was located.

At room temperature, the mirror stochastically oscillates around 
the equilibrium position (φ), which is proportional to the photon 
pressure torque (), such that φ = /. The oscillating motion 
was recorded by measuring the angular position () of the reflected 
light at a sampling rate of 450 Hz. A typical result is shown in 
the top panel of Fig. 3B, which reads an equilibrium position of 
φ = 0.059 rad, an oscillating frequency of f = 15.19 Hz, and a period 
of 65.8 ms, according to the fast Fourier transform results (bottom 
of Fig. 3B).

Further analysis indicates that the stochastic motion of the mir-
ror follows the Brownian motion dictated by Langevin’s equation. 
The torsional potential energy of the mirror was measured to be 
slightly larger than kBT/2, which is in good agreement with the 
theoretical value predicted by the Brownian motion theory (see 
details in the Supplementary Materials).

Characterization of sensitivity
To demonstrate the performance of the balance, optical readouts 
were conducted for 11 different laser powers ranging from 4.86 to 
7.06 W, and 10 sets of position time series were recorded at each 
power level and summarized in Fig. 3 (C and D). As expected, the 
average values of the torsional oscillation frequencies do not change 
with laser power (top of Fig. 3C). The overall average frequency of 
f0 = 15.04 Hz, denoted by the red dashed line, yields the average 
torsional spring constant  = (2f0)2·I = 8.72 × 10−18 N·m per radian. 
The response of torque to the variation in force is illustrated in 
Fig. 3D, where the variation in torque is the product of the torsional 
spring constant, , and the increments in the deflection angle rela-
tive to the first group measured at 4.86 W, φ. The incident photon 
force exerted on the mirror can be calculated by taking into consid-
eration the factors including transmissivity of the quartz window 
(0.89), reflectivity of the mirror (0.69), and incident angle of the laser 
beam (8°) (see details in the Supplementary Materials). Because the 
laser spot on the mirror was too weak, the lever length could not be 
determined directly through an optical microscope. However, the 
effective lever length of the measurement could be estimated as the 
slope of the linear fitting equation denoted by the blue dashed line, 
which is 8.06 m. The results indicated that the CNT torsion 
balance can measure weak force with femtonewton resolution. The 
deflection could be further enhanced by moving the focused laser 
spot to the edge of the mirror to extend the lever length to the 

Fig. 3. The optical measurement setup and typical measurement results of CNT torsion balance #1. (A) Schematic diagram of the optical readout system of the 
torsion balance. (B) Dynamic response of the torsion balance to the optical pressure of a laser beam at a power of 4.86 W (top) and the corresponding fast Fourier trans-
form (FFT) power spectra (bottom; black circle represents the FFT data, and red line is the curve fitting). (C) Equilibrium deflection angles and frequency against the laser 
power. The error bar of the top panel is obtained from statistics on 10 independent measurements. (D) Torque versus incident photon force. The effective lever length in 
the measurement is 8.06 m. The green dashed line is the theoretical torque-force relation at the full lever length of L/2 = 60 m.
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designed value of 60 m. Accordingly, the laser power should be 
further reduced to avoid an out-of-range deflection. In this experi-
ment, the laser was used to both measure the deflection angle and 
exert the weak force. Further reducing the laser power will severely 
affect the angle measurement. To measure sub-femtonewton force 
exerted by a weaker laser light, another probing laser beam should 
be used to detect the deflection angle.

DISCUSSION
Although various readout systems, performed optically or electrically, 
are used in the experiments displayed in Fig. 4, the sensitivity S mea-
sures the ability of the torsion balance to transduce a weak input 
force acting on the balance beam into a torsional angle of the sus-
pension thread. With this definition, in most experiments, sensitivity 
lies between 105 and 108 rad/N, whereas it exceeded 1012 rad/N in 
Kappler’s (19) and our works. Further comparisons of Kappler’s and 
our torsion balances are shown in table S1. Our approach provides 
a reliable way to liberate the potential of the torsion balance and 
make it attractive for on-chip applications.

The performance of our CNT torsion balances can be further im-
proved simply by using a small-diameter CNT as suspension thread. 
For example, a CNT suspension thread with a diameter of 1 nm will 
give rise to a torsional spring constant of 5 × 10−22 N·m per radian 
and a sensitivity of 1017 rad/N, according to the theoretical estima-
tion (28, 29). If an interferometer is adopted to detect the small dis-
placement of the mirror, the force of a zeptonewton (10−21 N) can be 
measured precisely at room temperature. The expected zeptonewton 
force resolution would break the record of hundreds of zeptonewtons 
obtained at ultralow temperature (33, 34) and make an important 
breakthrough in the field of weak force measurement. As the torsion 
angle of the CNT is continuously adjustable by tuning light intensity, 

the influence on the electron transport properties and band struc-
ture produced by torsional strain can also be explored over a wider 
range (26, 35, 36) using the CNT torsion balance.

The 4 × 4 array on the chip also offers new opportunities to ex-
tend the dynamical range of weak force measurement by selecting 
CNTs with different diameters for the 16 torsion balances. For 
diameters ranging from 1 to 10 nm, the torsion balance in the cur-
rent design gives rise to sensitivities ranging from 1013 to 1017 rad/N, 
corresponding to ranges of force measurement from 2 × 10−14 to 
2 × 10−18 N. This wide dynamical range will enable a diverse spec-
trum of applications in weak force measurement.

However, the current study is quite preliminary. There are many 
aspects that need to be further improved, among which the following 
two are imperative: (i) A transmission electron microscopy (TEM) 
window should be incorporated into the chip to get the information 
of the CNT such as diameter and chiral index; (ii) the measurement 
of the deflection angle and exertion of weak force should be decou-
pled so that reducing the applied force will not affect the measure-
ment of the deflection angle.

In conclusion, we have developed on-chip CNT torsion balances 
with femtonewton resolution by using an individual CNT as the 
suspension thread and an aluminized GCF as the balance beam and 
mirror. The CNT torsion balance measures forces 10,000 times faster 
than Kappler’s instrument, with similar sensitivity that is more than 
four orders of magnitude higher than other instruments in the liter-
ature. The high sensitivity and simple fabrication of the CNT torsion 
balance enable new fundamental research and further applications, 
such as exploring weak effects and discovering new physics laws.

MATERIALS AND METHODS
Preparation of GCFs
Large-area, continuous polycrystalline graphene was synthesized on 
commercially available Cu foils (25 m thick; 99.8%, Alfa Aesar) in 
a low-pressure chemical vapor deposition system equipped with a 
quartz tube 2.54 cm in diameter. The growth parameters were sim-
ilar to those in literature (32): At 13 Pa, the system was heated with 
H2 [5 standard cubic centimeter per minute (sccm)] to 1040°C for 
40 min followed by annealing for 30 min; CH4 (30 sccm) was intro-
duced as a carbon source at 66 Pa for 20 min, and last, the system 
was cooled down naturally with H2 (5 sccm) and CH4 (30 sccm). 
Reactive ion etching (RIE) treatment (40 sccm O2, 10 Pa, 20 W, 10 s) 
was used to remove graphene on one side of the Cu foil, and two 
layers of super-aligned CNT (SACNT) films were cross-stacked on the 
other side followed by the alcohol treatment. The CNT/graphene/
Cu three-layer structure was inverted and floated on (NH4)2S2O8 
solution (0.1 M) to etch the Cu foil, leaving a GCF sample floating 
on the surface of the corrosive solution.

Growth of CNTs
The ultralong CNTs were grown on a Si substrate with trenches 500 m 
wide. The furnace was heated to 950°C in an atmosphere of H2 (500 sccm) 
and CH4 (200 sccm) followed by a growing process in H2 (5 sccm) 
and CH4 (2 sccm) for 4 min. The sample was then cooled down to 
room temperature within 8 min in an atmosphere of Ar (1000 sccm).

Fabrication of the torsion balance array
The fabrication process of the torsion balance array is shown 
schematically in Fig. 2. Two layers of SACNT films (37, 38) were 

Fig. 4. The comparison map of CNT torsion balances and classical torsion 
balances. In addition to displaying the measured torsional constant  and beam 
length L of each experiment, the sensitivity of the apparatus defined by the deflec-
tion angle produced by 1 N is also shown, which can be obtained from L/2. The 
parallel lines colored from light blue to dark blue indicate orders of magnitude of 
sensitivity ranging from 2 to 13. The experiments are grouped and separated by 
color according to the order of magnitude of sensitivity.
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cross-stacked on chemical vapor–deposited monolayer graphene/
Cu foil. To prepare the final flat mirror surface, graphene on the 
other side of the Cu foil was removed by oxygen RIE. The CNT net-
work was tightly attached to the graphene after alcohol treatment 
(Fig. 2A) (31). The three-layer structure was inverted and kept afloat 
on the surface of the corrosive solution [0.1 M (NH4)2S2O8] with 
the CNT network on the bottom (Fig. 2B). After etching the Cu foil 
away, the free-standing GCF with a glass slide was rinsed with de-
ionized water three times (Fig. 2C). The GCF was transferred to a 
prefabricated Si wafer with an array of 300 m × 300 m square 
through-holes (Fig. 2D). The upper and lower parts of the suspended 
square GCF were cut off with a focused laser, leaving the middle 
80-m-wide GCF strip as the skeleton of mirror (Fig. 2E). An indi-
vidual CNT grown by chemical vapor deposition (22) was transferred 
to the GCF-covered substrate, with the CNT coinciding with the 
perpendicular bisector of the strip film as the suspension thread 
(Fig. 2F). Al (10 nm thick) was deposited on both sides of the sub-
strate to obtain a highly reflective surface, and the two ends of the 
CNT were fixed (Fig. 2G). The parts of GCF that connected the 
mirror to the substrate were removed with a laser (Fig. 2H). At 
that point, the mirror was able to rotate in the light field of the 
microscope with the CNT as the axis (see movie S1). The CNT 
torsion balance with a 110-m-long CNT suspension thread and a 
120 m × 80 m rectangular mirror was finally obtained by carefully 
positioning the substrate from a horizontal to vertical orientation 
(Fig. 1A).

Transfer an individual CNT onto GCF
The ultralong CNTs were grown over a trench 500 m wide on a 
silicon substrate. The substrate with ultralong CNTs was then 
put on top of a quartz crucible, which was loaded with some sul-
fur and heated to 120°C by a hot plate, for approximately 10 s. 
The ultralong CNTs were therefore decorated with sulfur nano
particles, which scatter light and make CNT visible under an 
optical microscope (39). Then, the CNTs were transferred to a 
predefined position on the GCF by using a homemade micro-
manipulator under an optical microscope. By heating the substrate 
to 120°C for 1 min, the decorated sulfur nanoparticles can be 
totally removed.

Depositing Al nanofilm
An e-beam evaporation system (Anelva L-400EK) was used to 
deposit the Al nanofilm (10 nm thick at 0.5 Å/s) on GCF through 
a shadow mask to avoid depositing Al on suspending CNTs. The 
thickness was measured in situ by using a quartz crystal sensor, 
which was calibrated by using an atomic force microscope (AFM; 
Veeco Dimension V). According to Tavernarakis et al. (40), if CNT 
is decorated by metal nanoparticles, it might be visible in an optical 
microscope. However, the CNT suspension thread of the torsion 
balance is invisible in optical microscope. There might be some Al 
deposition on the part adjacent to GCF, but the other parts of 
suspended CNT are free of Al deposition according to the scanning 
electron microscopy (SEM) images.

Prepare SACNT film
The SACNT film can be directly drawn out from a SACNT array, 
which is synthesized in low-pressure chemical vapor deposition (CVD) 
furnaces at a temperature of 700°C by using acetylene as precursor. 
Details can be found in (38).

Laser cutting
A supercontinuum white laser (NKT SuperK Compact; nanosecond 
laser pulse at a 20-kHz repetition rate, 110 mW) passed through 
a long–working distance 50× objective and was focused into a 
micrometer-sized spot to cut the GCFs with/without Al film.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/12/eabd2358/DC1
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