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Abstract


The precise movement of the test mass along a geodesic is crucial for gravitational wave detection in space. To maintain this motion, the core payload-inertial sensor incorporates multiple functional units designed to mitigate various sources of stray force noise affecting the test mass. Understanding the limits of these noise sources is essential for enhancing the inertial sensor system design. Additionally, thorough ground-based verification of these functional units is necessary to ensure their reliability for space missions. To address these challenges, we developed a low-frequency torsion pendulum apparatus that utilizes a commercial autocollimator as the optical readout element for testing this type of space inertial sensor. This paper provides a comprehensive overview of the apparatus’s operating principle, structural characteristics, and the results of laboratory tests of its background noise. Experimental data demonstrate that the torsion pendulum achieves a sensitivity of 1 × 10−11 Nm/Hz1/2 within the measurement band from 1 mHz to 0.1 Hz, confirming its suitability for various inertial sensor tests. Furthermore, the insights gained from constructing the torsion pendulum will inform future system upgrades.
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1. Introduction


The ground-based Laser Interferometer Gravitational-Wave Observatory (LIGO) made its first direct detection of gravitational waves in 2015 [1], confirming Einstein’s century-old prediction from his general theory of relativity [2]. This breakthrough opened new avenues for observing the universe beyond electromagnetic waves [3].



In contrast to ground-based detectors, the space environment offers greater stability, enabling the construction of a laser interferometer with arms extending up to a million kilometers. This enhanced characteristic allows for the detection of weaker, lower-frequency gravitational wave signals below 1 Hz. The frequency band is home to a broader range of gravitational wave sources, providing a wider array of scientific targets and contributing to a deeper understanding of the universe [4]. These advantages led to the proposal of the Laser Interferometer Space Antenna (LISA) [5], which successfully verified key technologies through the LISA Pathfinder (LPF) project in 2015 and has now entered its final implementation phase [6,7].



Following the development of LISA, several other space-based programs were proposed to detect gravitational waves using laser interferometry. Notable programs include the Big Bang Observer (BBO) [8], the Deci-Hertz Interferometer Gravitational-Wave Observatory (DECIGO) [9], the Astro-dynamical Space Test of Relativity (ASTROD) [10], Taiji [11], and TianQin [12].



The Taiji program, China’s first space-based gravitational wave detection mission, was proposed by the Chinese Academy of Sciences in 2008. Employing a constellation configuration similar to LISA, Taiji aims to establish a laser interferometer with a baseline of 3 million kilometers in the Sun’s orbit to detect gravitational waves [13]. In 2019, Taiji launched the Taiji-1 technology verification satellite to test its critical technologies, including laser interferometer, inertial sensor (IS), and drag-free control systems [14].



In order to achieve the highly sensitive detection of low-frequency gravitational waves, the residual acceleration of the test mass (TM) moving along the geodesic orbit must be less than 3 × 10−15 m/s2/Hz1/2, from 0.1 mH to 1 Hz [15]. To meet this stringent requirement, space gravitational wave detection missions are equipped with ISs to maintain the ultra-precise motion of the TM. On the one hand, the IS can mitigate the impact of noise directly acting on the TM by employing a clever design and integrating various functional units [16]. On the other hand, ISs precisely measure and control the pose of the test mass using capacitive sensors. It also works in tandem with micro-thrusters to achieve the drag-free flight of the spacecraft, further reducing coupling noise from the spacecraft to the TM. Additionally, the inertial sensor must address other engineering challenges, making its structure complex. This complexity introduces higher risks for space missions, necessitating rigorous ground-based verification tests to ensure mission success [17,18].



The ground testing of ISs primarily focuses on accurately estimating the upper limit of noise and validating noise models. This is particularly crucial for identifying and mitigating the main noise sources that limit the sensitivity of space-based gravitational wave detectors, including magnetic fields, temperature gradients, residual gas Brownian motion, charge accumulation, and coupling effects. Since each type of noise is more than 10 orders of magnitude smaller than gravitational acceleration [19], specialized devices are required to achieve the necessary precision. The torsion pendulum, a classical weak force measurement system, is highly effective at isolating the influence of Earth’s gravitational field and sensitive to weak torques that can be converted to corresponding forces through suitable assumptions and models in the direction of torsion. It is widely used in various fundamental physics experiments and has become the preferred device for the ground testing of ISs [20,21,22]. Numerous research institutions worldwide have developed torsion pendulum systems, resulting in various structural designs. However, only a few space mission teams have conducted relevant research on ISs.



Among these, the University of Trento stands out for its comprehensive research, having developed multiple torsion pendulum systems tailored to different functional units of ISs. Their systems achieve a torque measurement resolution of 0.1 × 10−15 Nm/Hz1/2 at 1 mHz [23,24,25]. Other Italian research institutions, including the University of Rome and INFN, have jointly developed a two-DOF torsion pendulum to characterize the geodesic motion of the TM for free-fall space missions. This system is capable of the simultaneous measurement of both the acceleration and torque acting on the TM; it has a torque resolution of 6 × 10−13 Nm/Hz1/2 at 1 mHz [26,27]. The University of Florida has developed a functional integrated test system based on a polarization-multiplexed heterodyne interferometer with an acceleration resolution of 2 × 10−12 m/s2/Hz1/2 at 0.5 mHz [28,29]. Huazhong University of Science and Technology has also created a torsion pendulum system to evaluate accelerometer performance, utilizing the favorable conditions of an underground laboratory to achieve a torque resolution of 20 × 10−15 Nm/Hz1/2 at 1 mHz [30,31]. Additionally, the University of Washington and the Max Planck Institute for Gravitational Physics (Albert Einstein Institute) have developed similar apparatuses based on the laser interferometer readout system, achieving a resolution 2 × 10−14 Nm/Hz1/2 at 0.1 Hz and 1 × 10−12 Nm/Hz1/2 at 4 mHz, respectively [32,33].



In this study, we present our torsion pendulum system, specifically designed for the ground testing of ISs. Section 2 provides a detailed analysis of the factors limiting sensitivity, based on the fundamental principles of the torsion pendulum. Section 3 describes the system-level design in detail. In Section 4, we describe the entire system and a measurement experiment to assess background noise. The results indicate that the system achieves a torque resolution of 9.5 × 10−12 Nm/Hz1/2 below 0.1 Hz, which is converted into acceleration of about 1.1 × 10−10 m/s2/Hz1/2, an order of magnitude higher than the requirement of 3 × 10−9 m/s2/Hz1/2@10 mHz for low-orbit applications of the Taiji program at the present stage. Finally, Section 5 summarizes the device’s characteristics and discusses potential applications and future upgrades.




2. The Basic Principle of the Torsion Pendulum


As previously mentioned, a thorough, ground-based, experimental verification is required before launching an IS into space. Even for the pathfinder in the second phase of the Taiji program, the residual acceleration noise must be less than 3 × 10−13 m/s2/Hz1/2 [34], particularly at frequencies below 0.1 Hz, which presents a significant challenge.



Given Earth’s gravitational field, the TM’s response to forces is influenced by gravitational coupling, which is much stronger than the stray forces being investigated. To address this, the ground test device must decouple from the gravitational field. The torsion pendulum, which has been in use for over 200 years [35], can meet this requirement by suspending the cuboid TM from a thin fiber that minimizes gravitational influence in the horizontal plane while aligning the TM parallel to the Earth’s gravitational field. This design allows for the detection of weak forces and helps filter seismic noise, enhancing measurement sensitivity, as shown in Figure 1A.



For the torsion pendulum, the TM’s lowest resonant frequency is typically much higher than the measurement frequency (<1 Hz), allowing it to be treated as a rigid body. The equation for the torsion under specific external forces that cause the TM’s rotation, expressed through the converted torque, is


  I  ∅ ″    t    +  ξ  ∅ ′    t    +  Γ ∅   t    = T    t    



(1)




where I is the moment of inertia of the inertial unit (all components suspended on the fiber, including the TM), ξ is the energy dissipation term, Γ is the torsional stiffness of the fiber, T(t) is the torque under external force, and ∅(t) is the rotation angle resulting from T(t).



Additionally, the torsional stiffness Γ of the fiber, determined by its physical properties, is given by the following expression:


   Γ =     π   R   4      2 L      ( F +     mg   π   R   2      )  



(2)







Here, L, F, and R are the length, shear modulus, and radius of the fiber, respectively; m is the total mass of the inertial unit; and g is the gravitational acceleration.



Converting Formula (1) to the frequency domain via a Fourier transform, the relationship between the applied torque T(t) and the angular displacement ∅(t) can be expressed as


   T ( ω ) = ( Γ     1 + i  δ    - I    ω   2    ) ·  ∅   ω    



(3)




where   ω   is the angular frequency, the energy dissipation coefficient δ = 1/Q, and Q is the quality factor of the fiber. Then, the transfer function is written as


  H   ω    = Γ     1 -         ω     ω   0          2   +    i   Q       



(4)







    ω   0     is the natural resonant angular frequency of the pendulum, a constant given by     ω   0   =   Γ / I    . Figure 1B illustrates the transfer function curve of the torsion pendulum. The relevant parameters are described in more detail in the following sections. In the frequency band below 5 mHz, the curve remains relatively flat at first. However, as it approaches 5 mHz, it shows a distinct downward trend. This behavior enhances the sensitivity of the torsion pendulum to weak forces. This increased sensitivity is advantageous for detecting subtle changes and small forces, making the pendulum particularly valuable for precision measurements. Conversely, in the frequency band above 5 mHz, the trend shifts upward, indicating that accurately describing the torque with the same magnitude requires a higher angular measurement resolution. Therefore, careful design considerations are essential to maximize the performance of the torsion pendulum.



When an external disturbance affects the torsion pendulum at a particular angular frequency, the resulting torque induces an angular displacement at the same frequency. This angular shift can be precisely measured to determine the disturbance’s magnitude.



The resolution limit of the torsion pendulum is characterized by background noise, which is influenced by thermal noise and readout noise. The torque amplitude spectrum density (ASD),     A   Torq    ( ω )    can be expressed as


    A   Torq    ( ω ) =      S   Thermal    ( ω ) +    S   ϕ    ( ω ) ·     | H ( ω ) |   2       



(5)







Here,     S   Thermal    ( ω )    represents the thermal noise power spectral density (PSD) that arises from fiber dissipation [36]. This intrinsic noise cannot be eliminated but can be reduced through design. Its fundamental physical description is given by


    S   Thermal     ω    = 4    k   B   T    Γ    ω Q      



(6)




where kB = 1.38 × 10−23(J/K) is the Boltzmann constant, T is the operating temperature, and the noise is influenced by the inertia mass, fiber length, fiber diameter, and the quality factor (Q) of the fiber.



Additionally,     S   ϕ    ( ω )    represents the PSD of readout noise, which is critical for measurement sensitivity. This noise directly affects the accuracy of the angle readout device and can only be mitigated by enhancing measurement precision and optimizing environmental conditions. As discussed in Section 1, optical readout methods are currently the predominant approach in such scenarios.



To improve the sensitivity of the torsion pendulum, it is essential to focus on both reducing thermal noise and enhancing readout accuracy. Based on the specific implementation conditions, we will conduct a series of detailed designs to suppress thermal noise while selecting an appropriate optical readout device to accurately measure the rotation angle of the TM. This will be further elaborated upon in the subsequent section.




3. System Structural Construction and Performance Evaluation


Building on the basic principles of the torsion pendulum discussed above, effective noise suppression is closely tied to the system’s design. The design must not only mitigate noise limitations but also accommodate the characteristics of the IS and the test conditions. Key design components include the TM, electrode housing (EH), suspension device, vacuum system, and other related elements.



3.1. The Test Mass and Electrode Housing


The TM serves as the inertial element of the torsion pendulum and is a key component of the IS, acting as the inertial reference for space gravitational wave detection. It operates in a multi-physical environment, where the various types of noise listed in Section 1 will significantly degrade its performance [17,36]. As such, the design of the TM is crucial to system performance.



Inspired by the pioneering efforts of LISA and considering the aforementioned design constraints and future engineering needs [37], we selected a 46 mm side cube for the TM, similar to the structural configuration of the Taiji program, as illustrated in Figure 2A. Unlike the high-density alloy used in the Taiji program, the TM used in the torsion pendulum was constructed from 6061-T6 aluminum alloy. This material was chosen for its low density, low magnetic susceptibility, and high thermal conductivity. The TM had a mass of 263 g. Ultra-precision optical machining of the TM achieved a parallelism and verticality error of just 10 arcseconds between surfaces, effectively minimizing the axial coupling of stray forces. A threaded hole at the center facilitated assembly, and the entire surface was gold-coated to ensure consistent surface characteristics in preparation for charge-related noise evaluation [38].



Displacement measurement and control of the TM for space gravitational wave detection were accomplished using a capacitive sensor. The mechanical hardware of this sensor was the EH, which created differential capacitance around the TM. Since it constituted the surrounding environment of the TM and many performance metrics of the IS relied on the capacitive sensor for measurements, integrating the EH into the torsion pendulum was essential. A specialized EH assembly was developed for the Taiji program. The electrodes on all three axes had the same area of 40 mm × 15 mm, with a total of 12 electrodes evenly distributed on each axis. The gap between each electrode and the TM was 1 mm. This design featured a symmetrical cladding structure that allowed for independent control of the TM’s six DOFs across three axes, employing pairs of electrode plates for capacitive sensing in each direction, thereby enabling precise translational and rotational control, as illustrated in Figure 2B,C.



The TM was suspended within the EH using a suspension structure, which will be detailed in the following section. A dedicated front-end electronics unit injected a high-frequency AC voltage signal to the TM via the fiber. To ensure consistent thermal expansion between the TM and EH, we utilized an aluminum alloy identical to that of the TM for the base structure. Additionally, the surfaces of the EH were gold-coated to maintain uniform electric field characteristics during capacitive sensing.




3.2. Suspension Structure of the Test Mass


To streamline the system, we opted for a single TM suspension solution to enhance integration. The complete suspension structure of the TM is shown in Figure 3.



To simplify implementation, we selected the commercial autocollimator TriAngle™ as the optical readout element, which has a measurement accuracy of 0.02 arcseconds, a field of view (FOV) size of 3000 arcseconds by 1920 arcseconds, and a two-DOF adjustable holder. Given the FOV limitations of the optical readout device, it was essential to align the TM with the EH at the center. To achieve this, we incorporated X, Y, Z, and θ DOFs for adjustment, which were implemented through two separate mechanisms. The linear DOFs (X, Y, Z) were adjusted using a displacement mechanism within the vacuum system. This mechanism employed a precision thread and spring for 25 mm strokes in the X and Y directions, and a worm gear with bellows for Z, allowing for 100 mm of travel. This mechanism achieved a resolution of better than 2 μm in all linear directions. The rotational DOF (θ) was provided by a top-mounted piezoelectric motor capable of continuous rotation with a resolution of 17 nrad.



In addition to alignment requirements, the system faced challenges from other types of motion during the integration process. This was particularly true for the thin and long suspension fibers, which could easily store deformation energy due to torsion. When the TM was suspended, this stored energy was released, producing not only torsional motion but also the possibility of single pendulum oscillations. The oscillation could be easily excited by the surrounding environmental fluctuations and, if not adequately controlled, lead to large amplitude motions, adversely affecting measurement accuracy. To mitigate this issue, we designed a vortex damper consisting of a damping mass positioned in a cavity formed by two symmetrically mounted magnet rings. This setup increased energy dissipation during pendulum motion, effectively suppressing unwanted oscillations. At the same time, due to the low stiffness of the fiber suspending the damping mass, it remained highly sensitive in the rotational direction. The damping mass was attached to two suspension fibers using epoxy bonding. Considering thermal noise and the strength limitations of the fiber, we selected high-elastic modulus, 99.95% pure tungsten fiber from Goodfellow®. The upper fiber was 120 mm long and 150 μm in diameter, while the lower fiber was 1 m long and 50 μm in diameter. After appropriate heat treatment, the Q of the system could reach 2300.



The top of the upper fiber was connected to the rotating motor, while the bottom of the lower fiber was attached to the TM using different fittings. The auxiliary mirror was fixed just above the TM to reflect the measuring light from the autocollimator. The TM was housed within the EH, while the EH was securely fixed to the vacuum system with four support rods and a base plate. Through the joint adjustment of the autocollimator and the suspension mechanism, the rotating path of the auxiliary mirror was aligned symmetrically to the center of the autocollimator target plane.




3.3. Vacuum System


In missions such as space gravitational wave detection, disturbances caused by gas molecules often exceed acceptable thresholds, significantly impeding relevant measurements [18]. To address this challenge, we also developed a vacuum system to enclose the TM and EH, as shown in Figure 4, thereby reducing the impact of noise on the measurements. This system consisted of a pump group, a vacuum chamber, and a monitoring and control device. The pump group utilized a dry pump and a molecular pump to progressively enhance the vacuum within the chamber, supplemented by an ion pump to maintain high vacuum levels in confined spaces. The internal vacuum could reach approximately 5 × 10−5 Pa. The monitoring and control device continuously tracked the internal vacuum in real time and managed the operation of each component.



The vacuum chamber was divided into upper and lower sections, connected via a flange. The upper chamber supported the suspension structure described in Section 3.2, while the lower chamber was a cylindrical cavity with a diameter of 1.2 m and a height of 0.8 m. Three adjustable feet were positioned around the bottom plate to ensure the apparatus remained level. An installation plate inside the lower chamber secured the EH and allowed for future functional expansion. The autocollimator was mounted on the edge of the optical window flange on the side of the lower chamber using a dedicated mounting frame. In addition to the optical windows, the lower chamber also featured a pass-through flange for optical or electronic connectors to support the comprehensive testing requirements of the IS. Table 1 presents the design parameters chosen for the system, aimed at enhancing its desired sensitivity.




3.4. Sensitivity Estimation


Section 2 discusses the major factors influencing the sensitivity of the torsion pendulum, specifically thermal noise and readout noise. Thermal noise, which is constrained by physical limits, plays an important role in determining sensitivity. However, its impact is closely related to structural design. The design parameters presented earlier were tailored to meet the current requirements. By synthesizing Formula (6) with the structural design parameters outlined in Table 1, we derived the thermal noise curve for the torsion pendulum, shown by the red line in Figure 5. This curve indicated that the sensitivity limit of the torsion pendulum ranged from approximately 4 × 10−16 Nm/Hz1/2 to 1 × 10−15 Nm/Hz1/2 across a frequency range from 1 mHz to 0.1 Hz. It demonstrated a decreasing trend across the entire frequency band, with thermal noise diminishing as frequency increased.



To assess the optical readout noise, we conducted tests by establishing a stable optical path with a rigid connection, using the autocollimator and auxiliary mirror from the previously described design. The tests were performed in the same environment as the subsequent torsional pendulum apparatus experiment. The autocollimator operated at a sampling frequency of 10 Hz. After approximately 18 h of measurement and sampling, we selected a stable, long-term dataset and applied Formula (3) to convert the data into torque signals, represented by the blue line in Figure 5. The results indicated that the readout noise was nearly one order of magnitude greater than the thermal noise across the entire measurement range. This suggested that optical readout noise had a greater influence on the final sensitivity of the torsion pendulum than thermal noise.



Building upon this analysis, we used Formula (5) to estimate the comprehensive sensitivity of the designed torsion pendulum, yielding the carmine curve shown in Figure 5 after two-times smoothing. This curve closely aligned with the optical readout noise, further confirming that the sensitivity of the apparatus was primarily governed by the performance of the autocollimator. Consequently, we concluded that the best achievable sensitivity of the current torsion pendulum was approximately 7.7 × 10−15 Nm/Hz1/2 at 5 mHz, and the sensitivity of the device was expected to reach 1.0 × 10−11 Nm/Hz1/2 across the entire measurement frequency range below 0.1 Hz.





4. Background Noise Experiments


After completing the system analysis and detailed design of the components, we assembled the torsion pendulum in the laboratory of the Center for Gravitational Wave Experiment at the Institute of Mechanics, Chinese Academy of Sciences. To minimize contamination risks, the entire system integration was conducted in a Class 10,000 cleanroom. Additionally, to reduce crosstalk from ambient vibrations, we placed the apparatus on a separate foundation within the laboratory, as illustrated in Figure 6. By adjusting the rotating motor at the top and the adjustable holder of the autocollimator, the torsion angle range of the TM accounted for less than 1/3 of the autocollimator’s measuring range, while the vacuum in the chamber could be maintained up to 1.8 × 10−5 Pa. This setup allowed us to achieve the basic measuring functionality of the system.



Under these conditions, we performed measurement experiments to assess the torsion pendulum’s background torque noise and evaluate its sensitivity across the frequency range. To minimize interference, these experiments were scheduled during nights or weekends. Despite this, temperature fluctuations of approximately 10 K occurred throughout the day, and the maximum seismic noise was recorded at 1 × 10−6 m/s2/Hz1/2. After several rounds of data acquisition and processing, we compared the measured sensitivity with the predicted sensitivity curve from Section 3.4, as shown in Figure 7.



The experimental results aligned closely with the predicted values, with discrepancies observed above 10 mHz. At frequencies below 10 mHz, the measured sensitivity exhibited a degradation of about one order of magnitude. These variations may have been largely due to temperature fluctuations, which changed by several degrees during the experiment. Seismic and other environmental noise likely contributed to the observed discrepancies. Furthermore, the measurement curve exhibited peaks at several frequency points, corresponding to 4.5 mHz and its harmonic frequencies. It is likely that this was influenced by the signal aliasing phenomenon. Nevertheless, the overall sensitivity remained better than 1 × 10−11 Nm/Hz1/2 below 0.1 Hz, with a notable sensitivity of 2.2 × 10−13 Nm/Hz1/2 at 7 mHz. The performance met our current measurement requirements of 3 × 10−9 m/s2/Hz1/2 at 10 mHz for low-orbit science missions.




5. Conclusions


In this paper, we introduced a torsion pendulum system designed for IS testing. The primary objective of this apparatus was to determine the upper limit of weak stray force noise affecting the TM and verify various noise models.



The analysis of the fundamental principles of the torsion pendulum identified thermal noise and readout noise as the main factors affecting the sensitivity. Thermal noise was determined by the structural parameters of the system and could not be eliminated. To reduce the effect of thermal noise, a series of related components were designed and developed based on the single TM. For readout noise, a commercial autocollimator was used for its excellent angle measurement ability and assembly convenience. After comprehensive considerations of noise suppression, integration testing, functional expansion, and engineering implementation, we designed and developed the TM, electrode housing, suspension structure of the TM, vacuum maintenance system, and various other elements. The sensitivity of the torsion pendulum was estimated based on the thermal noise and autocollimator background noise.



After careful integration and testing, the apparatus conducted a series of background noise tests. The results demonstrate that the torsion pendulum system achieves a sensitivity better than 1 × 10−11 Nm/Hz1/2 below 0.1 Hz, with sensitivity reaching 2.2 × 10−13 Nm/Hz1/2 near 7 mHz. This performance is sufficient for low-orbit science missions at this stage.



For future space gravitational wave detection or other applications requiring higher precision, there remains a gap in the sensitivity of the torsion pendulum system developed above. However, these gaps can be narrowed through targeted system upgrades, which are currently underway. The planned advancements include the following:




	
Integrated Heterodyne Interference: The design of an integrated heterodyne interference laser measurement system to replace the commercial autocollimator [39], effectively suppressing readout noise while improving measurement accuracy, particularly in the low-frequency range.



	
Enhanced Vibration Isolation: The implementation of an advanced vibration isolation system to further mitigate the effects of seismic noise [33].



	
Temperature Control and Electromagnetic Shielding: The addition of system-level temperature control and electromagnetic shielding devices to minimize crosstalk from internal and external environments.



	
Different structural forms: The development of multistage or multi-mass torsion pendulum systems for increasing sensitivity [28,31], which will also facilitate the direct acquisition of acceleration data, making them more suitable for future applications.



	
Further Exploration into Signal Acquisition and Processing: The utilization of anti-aliasing and digital filtering strategies, which will significantly improve the precision of the sampled signal. Optimizing the sampling frequency and implementing appropriate extraction or interpolation procedures will further enhance signal quality. Additionally, developing environmental noise extraction and subtraction technologies will strengthen the stability and reliability of the measurement.








These advancements will significantly enhance the measurement capabilities of the torsion pendulum system. The apparatus will be employed in a series of experiments, including noise limit determination, the validation of different noise models, and the evaluation of coupling errors, among others. These experiments will support the development of ISs for the Taiji program and other related scientific missions.
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Figure 1. Measurement method of the TM angle using optical readout and its transfer function. (A) The TM suspended by a fiber is twisted under the action of external stray torque. This angle is precisely measured by an optical readout device through the auxiliary mirror. (B) The transfer function illustrates the relationship between torque and angle of the TM within the measurement frequency band. The resonance frequency of the pendulum is approximately 5 mHz. 






Figure 1. Measurement method of the TM angle using optical readout and its transfer function. (A) The TM suspended by a fiber is twisted under the action of external stray torque. This angle is precisely measured by an optical readout device through the auxiliary mirror. (B) The transfer function illustrates the relationship between torque and angle of the TM within the measurement frequency band. The resonance frequency of the pendulum is approximately 5 mHz.



[image: Sensors 24 07816 g001]







[image: Sensors 24 07816 g002] 





Figure 2. Design form of the TM and EH, along with the electrode distribution used in the torsion pendulum. (A) All surfaces of the TM were ultra-precision machined, with a threaded connection provided in the Z direction. (B) Electrode distribution in different directions: two pairs of electrodes in the same direction controlled one translational and one rotational degree of freedom, respectively. (C) The assembled EH, featuring electrode leads for signal transmission. 
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Figure 3. The suspension structure of the TM. The TM was suspended by two fibers separated by a magnetic damper and placed in the EH, which was mounted on the base plate. The suspension path was also provided with two sets of adjusting devices for the position adjustment of the TM. 
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Figure 4. The vacuum maintenance system of the torsion pendulum. This mainly consisted of a chamber and a multistage pump group. The autocollimator was fixed on the chamber by a specially designed mounting frame to achieve the angle surveying of the TM inside. 
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Figure 5. Main noise curves associated with the designed torsion pendulum. The red curve represents the thermal noise of the torsion pendulum, while the blue curve illustrates the autocollimator background noise measured during the experiment. The carmine curve represents the estimated background noise of the torsion pendulum, obtained by integrating the thermal noise and autocollimator readout noise; it nearly coincided with the blue curve. 
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Figure 6. Integrated torsion pendulum as well as the internal TM and EH units. (A) The whole apparatus under experimentation. (B) The TM before integration. (C) The electrode housing under electronics testing. 






Figure 6. Integrated torsion pendulum as well as the internal TM and EH units. (A) The whole apparatus under experimentation. (B) The TM before integration. (C) The electrode housing under electronics testing.



[image: Sensors 24 07816 g006]







[image: Sensors 24 07816 g007] 





Figure 7. The background noise curves of the torsion pendulum system. The blue line represents the estimated background noise as detailed in Section 3.4. The cyan line depicts the actual measured background noise recorded from the apparatus during experiments. The red line illustrates a smoothed version of the background noise data from the torsion pendulum. 
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Table 1. Basic parameters of the torsion pendulum.
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Parameters

	
Values

	
Units

	
Comment






	
Test mass

	
d

	
46

	
mm

	
Length of sides




	
mtotal

	
0.238

	
kg

	
Total mass of inertial unit




	
Tungsten fiber

	
L

	
1

	
m

	
Length of lower fiber




	
R

	
50

	
μm

	
Radius of lower fiber




	
G

	
161

	
GPa

	
Shear modulus




	
Q

	
2300

	
/

	
Quality factor




	
Environment

condition

	
g

	
9.801

	
m/s2

	
Gravitational acceleration




	
T

	
300

	
K

	
Operating temperature
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