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Abstract 

Torque sensors are critical perception components in robot joints, providing essential feedback for precise motion control and 

operational safety. To ensure their reliability, a comprehensive metrological evaluation, including uncertainty assessment, is 

imperative. This paper establishes a measurement and analysis methodology based on the deadweight torque standard machine, 

following the national verification regulation JJG 995-2005. The indication error of a torque sensor is measured, and the 

primary sources of measurement uncertainty—including repeatability, the standard machine's inherent uncertainty, and the 

sensor indicator's resolution—are quantitatively analyzed. The combined standard uncertainty and expanded uncertainty (with 

a coverage factor k=2) are calculated. For a 10 Newton-meter (Nm) measurement point, the relative expanded uncertainty is 

determined to be 0.08%. The results confirm the sensor's compliance with specifications and provide a validated framework for 

the uncertainty assessment of torque sensors in robotic applications, thereby supporting the pursuit of higher-precision robot 

control. This study not only demonstrates the practical application of uncertainty evaluation in torque sensors for robotics but 

also offers a methodological reference for manufacturers and researchers to enhance the accuracy and reliability of torque 

sensing systems in advanced robotic applications. The findings contribute to the development of more precise and safer robotic 

systems, particularly in fields such as medical robotics and high-precision assembly. 
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1. Introduction

The rapid development of robotics technology is pro-

foundly transforming modern manufacturing, service indus-

tries, and various aspects of human life. From large-scale 

industrial automation production lines to increasingly precise 

medical surgical robots, and to humanoid robots like Tesla's 

"Optimus," the role of robots has evolved from repetitive 

labor tools within isolated fences to collaborative partners 

capable of intelligent and flexible interaction with humans 

and the environment [1]. In this evolution, robot joints, as the 

core actuators for achieving precise motion, directly deter-

mine the robot's flexibility, accuracy, and dynamic response 

capabilities. High-precision joint control is highly dependent 
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on the real-time and accurate perception of torque information 

[2]. 

The torque sensor is the key component enabling this per-

ception. It is directly integrated into the robot's joints or links 

to measure the torque exerted by joint drives or the external 

environment on the robotic arm in real-time [3]. By sensing 

and feeding back torque signals, the control system can im-

plement more complex force/position hybrid control, com-

pliant control, and collision detection functions, thereby sig-

nificantly enhancing the robot's task execution capability and 

the safety of human-robot collaboration [4]. Taking Tesla's 

latest generation Optimus robot as an example, it is reported 

to integrate approximately 14 sets of torque sensors for state 

perception, fully demonstrating the core position and wide-

spread application of torque sensing in advanced robot ar-

chitectures [1]. 

However, it is a widely recognized fundamental fact in 

metrology that "all measurements are inevitably subject to 

error, and any measurement result can only approach the true 

value infinitely but never be completely equal to it" [5]. For 

robot joint torque sensors, the reliability of their measure-

ment results is affected by various uncertainty factors, in-

cluding the sensor's own non-linearity and hysteresis, noise 

in the signal conditioning circuit, the resolution of the data 

acquisition system, parasitic loads generated during installa-

tion, and changes in environmental conditions (especially 

temperature) [6]. These factors collectively constitute the 

measurement uncertainty. In general industrial applications 

where only rough force control is performed, minor meas-

urement deviations might be tolerable. However, in fields 

extremely sensitive to force control, such as medical robotics 

or high-precision assembly, tiny torque measurement devia-

tions can lead to serious consequences, such as decreased 

surgical accuracy, product assembly failure, or even safety 

incidents [4]. Therefore, merely focusing on the static speci-

fications of torque sensors (such as range and sensitivity) is 

far from sufficient; the quality of their measurement re-

sults—that is, the measurement uncertainty—must be sys-

tematically quantified and evaluated [7]. 

Measurement uncertainty is internationally recognized as 

the core indicator for quantifying the credibility of measure-

ment results [8]. According to the "Guide to the Expression 

of Uncertainty in Measurement" (GUM) [9], systematically 

evaluating the uncertainty of torque sensors helps define the 

reliable boundaries of their measurement results, provides 

key data support for the robust design of control algorithms, 

and offers a more scientific and rigorous basis for conformity 

assessment when determining whether a product meets tech-

nical specifications. Currently, the performance evaluation 

and calibration of torque sensors are typically conducted on 

deadweight torque standard machines, following the national 

verification regulation JJG 995-2005 "Static Torque Meas-

uring Devices" [10]. Although scholars like Liu Jun [3] has 

conducted useful explorations into the uncertainty of torque 

loading devices and calibration under varying temperature 

environments, existing research still lacks sufficient discus-

sion on the systematic uncertainty analysis and evaluation 

throughout the entire measurement chain, particularly de-

tailed exploration of the contributions of various uncertainty 

components for robotic application scenarios [6, 11,12]. 

Based on this background, this paper aims to conduct a 

comprehensive measurement uncertainty assessment of a 

torque sensor used in a robot joint [13]. The research will be 

based on a deadweight torque standard machine. Following 

the regulation, experiments will be conducted on the sensor 

to systematically identify, quantify, and synthesize key un-

certainty components such as measurement repeatability, 

standard machine error, and resolution. The final outcome 

will be a standardized expression of the sensor's measure-

ment result and its associated uncertainty. This study hopes 

to provide a clear and complete analytical paradigm for the 

metrological performance evaluation and accuracy assurance 

of robot joint torque sensors, laying a solid metrological 

foundation for their reliable application in high-precision 

robot control systems. 

2. Measurement Theory 

2.1. Torque Sensor 

 
(a) 

 
(b) 

Figure 1. Schematic diagram of strain gauge bonding structure and 

Huygens circuit. 
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A conventional torque sensor utilizes strain gauges bonded 

to a torsionally elastic shaft. As shown in Figure 1a, four 

strain gauges are typically attached at 45° angles to the axis, 

forming a full Wheatstone bridge circuit (Figure 1b). This 

configuration is optimal because the principal stress direc-

tions under pure torsion are at ±45° to the axis, where the 

strain is maximal. 

2.2. Working Principle 

Under the action of torque, the principal stress direction is 

45° and -45° from the axis direction, and the principal stress is 

numerically equal to the maximum shear stress. At this time, 

there is also a maximum tensile strain and compressive strain. 

By attaching strain gauges in the 45° and -45° directions and 

constructing a Huygens full bridge circuit, the corresponding 

resistance changes can be measured and output as weak 

voltage information. At this point, the corresponding rela-

tionship between torque and voltage can be constructed. 

When using a torque sensor to measure the output voltage, the 

torque it carries can be known, which is its working principle. 

3. Measurement Principle 

3.1. Metrology Standard 

The traceability of instruments is usually tested using high-

er-level measurement standards, also known as metrological 

standards. For torque sensors, a deadweight torque standard 

machine is usually used for testing. The deadweight torque 

standard machine constructs the main source of torque based on 

force weight and balance arm length, and achieves the torque 

standard value by measuring the force weight and arm length. At 

present, high-precision deadweight torque standard machines 

can be left vacant within a range of ± 0.05%. 

 
Figure 2. Deadweight torque standard machine in testing. 

3.2. Metrology Process 

Fix the torque sensor on the deadweight torque standard 

machine through flange connection. According to the national 

verification regulation JJG 995-2005 “Static Torque Meas-

uring Devices” [10], five measurement points of 20%, 40%, 

60%, 80%, and 100% capacity are selected within the max-

imum measurement capacity range. Usually, each measure-

ment point is measured three times, and the average value is 

taken as the measurement result. Compare the measured value 

with the standard value to determine whether it is within the 

allowable error range. 

4. Results Analysis of Measurement 

Uncertainty 

4.1. Error Model of Measurement Uncertainty 

Usually, the measurement indication error is obtained by 

subtracting the standard value of the deadweight torque ma-

chine from the measured value of the torque sensor. Therefore, 

the error model is shown in formula (1). 

EN=NI-Ns                 (1) 

Where, EN——the indication error of torque sensor; 

NI——the indication of torque sensor; 

Ns——the standard value of the deadweight torque ma-

chine. 

4.2. Main Resources of Measurement 

Uncertainty 

From the analysis of the propagation relationship of un-

certainty, the uncertainty of indication error mainly comes 

from the standard uncertainty introduced by measurement 

repeatability error, the standard uncertainty introduced by 

deadweight torque standard machine, and the standard un-

certainty brought by the resolution of torque sensor indicator. 

During the testing process, the maximum range of 100 Nm 

deadweight weight torque standard machine was selected for 

experimental testing. Three measurements were taken at the 

10 Nm measurement point, and the measurement results are 

shown in Table 1. Using the range method to calculate the 

standard deviation, in the case of n=3, C=1.69 is taken. 

Therefore, the introduction of standard uncertainty compo-

nents for each influencing variable is shown in Table 2. So, 

the combined standard uncertainty could be calculated by 

formula (2). 

2 2 2

c 1 2 3u u u u                (2) 

Where, uc——combined standard uncertainty. 
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Table 1. The indication of torque sensor in repeatability. 

Indication of torque sensor (Nm) Average indication of torque sensor (Nm) 
standard value of the deadweight 

weight torque machine (Nm) 

9.9953 

9.9972 10.0000 9.9964 

10.000 

Table 2. Main resources of uncertainty. 

Introduced quantity Calculation method 
Standard deviation of introduced 

quantity (Nm) 

Repeatability Imax Imin

1

-  N N
u

C


 

0.0028 

deadweight torque standard machine 2
3

a
u 

 

0.0029 

Indication resolution 3
2 3

r
u 

 

0.00003 

combined standard uncertainty uc 0.0041 

4.3. Result of Measurement Uncertainty 

Usually, the factor k=2 is taken to calculate the expanded uncertainty and relative expanded uncertainty. For the torque sensor, 

the measurement result could be expressed as fellows, showing in Table 3. 

Table 3. Measurement result of torque sensor. 

Indication (Nm) Standard value (Nm) expanded uncertainty (Nm) relative expanded uncertainty 

9.9972 10 0.0082 0.08%, k=2 

 

5. Conclusions 

This paper has detailed a complete methodology for the 

calibration and uncertainty assessment of a robot joint torque 

sensor. The experimental results demonstrate that the sensor 

under test exhibits minor non-linearity but remains within its 

specified error limits when the measurement uncertainty is 

accounted for. The uncertainty analysis confirms that the 

dominant contribution is from the deadweight standard ma-

chine, while the effects of resolution are negligible. 

The key outcomes of this work are: 

1) A validated, practical framework for evaluating the 

metrological performance of torque sensors used in robotics. 

2) A clear demonstration that the sensor's relative expanded 

uncertainty is below 0.1% across its operating range, meeting 

the requirements for precision robot control. 

3) The provision of a traceable and defensible measurement 

result that can support quality assurance in robot joint manu-

facturing and integration. 

For future work, it is recommended to investigate the ef-

fects of dynamic torque loading [14], temperature variations, 

and different mounting conditions on the sensor's perfor-

mance and uncertainty. 
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Abbreviations 

GUM Guide to the Expression of Uncertainty in 

Measurement 

Nm Newton meter 

RV Rotate Vector (a type of precision reducer) 

Funding 

This work was supported by department of science and 

technology of Zhejiang Province [Research and Industriali-

zation of RV Reducer for Heavy Load Robot Joints 

No.2023C01066]. 

Conflicts of Interest 

The authors declare no conflicts of interest. 

References 

[1] Gerold, E., Antrekowitsch, H. A Sustainable Approach for the 

Recovery of Manganese from Spent Lithium-Ion Batteries via 

Photocatalytic Oxidation, International Journal of Materials 

Science and Applications. 2022, 11(3), 66-75.  

https://doi.org/10.11648/j.ijmsa.20221103.12 

[2] Liu, X., Sajda, P. Fusing Simultaneously Acquired EEG and 

fMRI via Hierarchical Deep Transcoding. In Proceedings of 

the International Conference on Brain Informatics 2023; 

Springer: Germany, 2023; pp. 57-67.  

https://doi.org/10.1007/978-3-031-43075-6_6 

[3] Liu, J. Standard Uncertainty of Torque Loading Device, 

Journal of Measurement. 2016, 37(2), 163-166.  

https://doi.org/10.3969/j.issn.1000-7460.2016.02.0071 

[4] Rychtarova, J., Krupova, Z., Brzakova, M., Borkova, M., Elich, 

O., Dragounova, H., Seydlova, R., Sztankoova, Z. Milk quality, 

somatic cell count, and economics of dairy goat's farm in the 

Czech Republic. In Goat Science-Environment, Health and 

Economy; Kukovics, S., Ed.; IntechOpen: London, UK, 2021; 

pp. 14-16. https://doi.org/10.5772/intechopen.96345 

[5] Cozby, P. C., Bates, S. C. Methods in Behavioral Research, 

12th ed.; McGraw-Hill: New York, NY, USA, 2012; pp. 14-16. 

[6] Fidelus, J. D., Trych-Wildner, A., Puchalski, J., Weidinger, P. 

Study of a 2 kN·m Torque Transducer Tested at GUM and PTB, 

Including Creep Behaviour. Measurement Science Review, 

2024, 24(1), 12-20. https://doi.org/10.2478/msr-2024-0012 

[7] Schicker, J., Wegener, G. Correct Measurement of Torque. 

Hottinger-Baldwin-Messtechnik (HBM). 2002. 

[8] National Institute of Standards and Technology (NIST). 

Guidelines for Evaluating and Expressing the Uncertainty of 

NIST Measurement Results, NIST Technical Note 1297; 1994. 

https://doi.org/10.6028/NIST.TN.1297 

[9] Joint Committee for Guides in Metrology (JCGM). Evaluation 

of measurement data — Guide to the expression of uncertainty 

in measurement, JCGM 100: 2008.  

https://doi.org/10.59161/jcgm100-2008e 

[10] JJG 995-2005, Static Torque Measuring Devices. 

[11] Marton, L., Szabo, A. A Review of Torque Transducer Cali-

bration Methods, Measurement. 2020, 151, 107104.  

https://doi.org/10.1016/j.measurement.2019.107104 

[12] Turlapati, S.H., Nguyen, V.P., Gurnani, J., Ariffin, M.Z.B., 

Kana, S., Wong, A.H.Y., Han, B.S., Campolo, D. Identification 

of Intrinsic Friction and Torque Ripple for a Robotic Joint with 

Integrated Torque Sensors with Application to Wheel-Bearing 

Characterization. Sensors. 2024, 24(23), 7465. 

https://doi.org/10.3390/s24237465 

[13] Qiao, X., Xu, C., Wang, Y., Ma, G. SDI: A sparse drift identi-

fication approach for force/torque sensor calibration in indus-

trial robots. Neurocomputing. 2025, 620, 129292.  

https://doi.org/10.1016/j.neucom.2024.129292 

[14] Zhang, T., Li, H., Shi, Y., Wang, L., Zhang, X., Zhang, J., Wu, 

H. A novel joint external torque estimate model of the light-

weight robot’s joint based on a BP neural network. Robotica. 

Published online: 04 February 2025.  

https://doi.org/ 10.1017/s0263574725000086 

 

 

http://www.sciencepg.com/journal/acis

