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Abstract: This study presents a new approach to determining the preload force of bolted joints.
The concept involves measuring the torsional angle without contact. For this purpose, we present
a circular magnetic sensor array integrated into the torque wrench. The torsional angle in bolted
joints depends on the dimensions of the screw and the materials used and is typically less than
four degrees. For this reason, one requirement is a high angular resolution so that a continuous
recording of the torsion angle is feasible during the assembly process. This can be achieved using the
circular sensor array and adapted signal processing methods. Two signal processing approaches are
utilized. First, the direct method uses the discrete Fourier transformation to calculate the rotation
angle from the signal phase. This approach is robust to signal distortion and does not depend on
signal amplitude. Second, the method with a learning phase employs Gaussian process regression
to minimize the angle error. In an experiment, both approaches were applied within a test bench
and showed promising results. The direct method demonstrated a very good angular resolution
without training and calibration. For mobile and less-complex applications where a reference system
is unavailable, the direct method is preferable. However, in complex measurement systems where
reference systems can be utilized initially, significant enhancements to an excellent resolution can be
achieved through prior training.

Keywords: magnetic angle measurement; magnetic resolver; circular sensor array; torsion measurement;
bolted joint torsional stress; bolt preload monitoring; Gaussian process regression

1. Introduction

Digital torque wrenches are widely employed for the precise tightening of bolted
joint connections [1,2]. These devices not only measure the torque applied but also often
provide information regarding the angle of rotation during the assembly process. The
combination of torque and angle plays a crucial role in ensuring the accuracy and integrity
of the bolted joints. Knowledge of the preload force FM, which holds the workpieces
together, is of particular interest here. Measuring the torque is state-of-the-art, but not
completely precise for determination of the preload force. This is because the friction on
the bolt has a major influence. In a typical assembly application, the friction can only be
estimated approximately. This can be described using Equation (1) for the tightening torque
MA. This torque is calculated by the thread torque MG and the head friction moment MK.

MA = MG + MK (1)

Each of the two moments MG and MK contains the preload force and known parameters
of the bolt. Both moments also have an individual coefficient of friction µG and µK,
which depends on the surface properties. The aim is to neglect the head friction µK when
calculating the preload force by measuring the torsion angle of the bolt during assembly.
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In this study, we propose a new approach based on torsional angle measurement. The
solution utilizes modern magnetic sensing technologies and signal processing methods.

Recently, a new method for the noncontact measurement of torsion in bolted joints
using a square magnetic sensor array was presented in [3], in which the recorded data
provide valuable insights for monitoring the assembly process. In this method, a magnet is
positioned at the top of the bolt to generate the magnetic field for the sensor array. However,
when the magnet is centrally located above the squared arrangement, the outer sensors
do not detect the same magnetic field strength as the sensors in the center. Consequently,
this discrepancy leads to different operating points of individual sensors within the array.
To address this issue, a circular array can be employed so that all sensors detect nearly
the same field strength. The circular arrangement also supports the design constraints
of a tool, as shown in Figure 1. By placing the magnet inside the socket, the angle of the
assembly can be directly measured on the workpiece, eliminating the need for inertial angle
measurement within the electronic torque wrench. The inertial or gyroscopic sensor may
introduce remarkable deviations in cases where the torque wrench is tilted or improperly
operated. On the other hand, the magnetic angle measurement has to be very precise. The
required accuracy is well within one degree and, therefore, outside the specifications of
commercially available magnetic sensors [4–6].

Non 

Magnetic 

Tool

Circular
Sensor Array

Workpiece A Workpiece B

NUT

Bolt

Attachment with
Magnet

Figure 1. Tool with circular magnetic sensor array to fasten a bolted joint. A magnetic encoder is
placed at the thread of the bolt. This design was first presented in a patent application [7].

2. State of the Art

Magnetic sensors are commonly used to measure rotational speed or the absolute
angle of rotation. The rotational speed sensor operates incrementally using a passive or
active encoder. The latter type of sensor is often used for axial measurement of the angle
on a shaft, whereby a diametrically magnetized encoder magnet at the end of the shaft
provides the magnetic field. A patent application has proposed an axially positioned sensor
within a specialized tool for direct angle measurement [8]. This approach requires a very
precise sensor and an accurate arrangement of the sensor and magnet.

Measuring the absolute angle in radial position on the side of the shaft is also possible
with magnetic sensors. However, radially operating methods require signal calibration
to obtain accurate results [9,10]. Many of these systems are based on linear Hall sensors.
Special encoder shapes have been proposed to avoid calibration [11–13]. Another approach
to measuring the radial angle involves using magnetic encoders with two differently
magnetized strips [14].

Furthermore, for the torsion measurement in bolted joints, a previous work [3] pro-
posed a squared sensor array. Nevertheless, for the design of an automatic measuring
assembly tool for screw fastening, a circular sensor array is more suitable. Similar designs
in the field of current measurement utilize arrays with anisotropic magnetoresistive (AMR)
sensors [15] or tunnel magnetoresistive (TMR) sensors [16,17]. A distinct advantage fre-
quently highlighted in the literature is the geometric symmetry offered by circular sensor
arrays, which enables two opposing sensors to compensate for their deviations from the
rotation axis.
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3. Hardware Description

This section explains the sensor function, hardware arrangement, signals, and
data acquisition.

3.1. Sensor and Magnet Arrangement

Sensors based on the TMR effect are suitable for the construction of sensor arrays
because of their remarkable sensitivity and miniaturization capabilities [18–21]. The design
of the circular sensor array uses TMR sensors that can operate in both the linear and
saturated ranges [5,22,23]. This behavior is illustrated with the characteristic curve in
Figure 2. In addition to the ranges described, another dependency on the course of the
field strength is present. The decisive factor here is whether the field strength increases
or decreases. The dissertation by Wurft [24] details the physical effects on the sensitive
elements. The main influences are the dimension, shape, and material of the magnetic
tunnel junction [25]. The magnet and angle sensor are usually located on the central rotation
axis. The intended application for a screw assembly tool requires a different measuring
arrangement because the axial position is not available. Instead, the sensors are shifted
radially and placed lateral to the magnet.
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Figure 2. Characteristic curve of a TMR sensor for an increase in field strength (blue) and a subsequent
decrease (red). An automated setup for characterizing the angle sensors was presented in [22].

For this reason, the magnetic field to be measured is considered separately at each
sensor position. Figure 3a presents a schematic illustration of the output signals generated
by a circular sensor array. Each sensor consists of two Wheatstone bridges arranged
orthogonally. As an output, the bridges supply two differential voltages vx and vy. The
sensors are positioned along a circle and rotated according to their angle, as indicated by
the blue arrows. In the center of the array, the x-axis aligns with the axis of the magnet.
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Figure 3. (a) Illustration of the field lines and circular sensor array composed of N = 16 sen-
sors S0–S15. The blue arrows represent the rotated alignment of the sensors around their x-axis.
(b) Output signals vx(n) and vy(n) as functions of sensor location, where n is the sensor index 0–15.

In the circular array configuration, the sensors are arranged at a stepwise rotating
angle, resulting in a cosine wave when the output signals vx(n) of all sensors are plotted
over their index n in the array, as shown in Figure 3b. The same applies to the sine shape of
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the output signal vy(n). With the radial magnetization and magnet position, the maximum
vx(n) occurs at sensor S0, and the minimum vx(n) is at S8. For the voltage vy(n), these
occur at sensors S4 and S12, respectively. With the rotation of the magnet, these sensor
indexes change accordingly. However, the two voltage curves have different amplitudes.
The difference can be explained with the magnetic dipole equation [26], considering only
the Hx component, which represents the field strength along the x-axis.

Hx(r) =
1

4 π

(
3 rx (mT r)

r5 − mx

r3

)
(2)

where, the distance from the origin to the sensor rs and the distance from origin to the dipole
rd result in a vector r = rd − rs = (rx ry rz)⊺ with length r. The unit of all distances are meter
(m), the unit of field strength Hx is ampere per meter (A/m), and the magnetization ampere
times square meter is A m2. With the magnetization of m = (1 0 0)⊺, the field strength at
sensor S0 has a value of Hx = π/2. For sensor S4, the field strength is Hx = π/4.

When the direction of the magnetization vector and the detected field component in
this equation align, the resulting field strength is at its maximum. When these two vectors
are orthogonal, a decreased field strength is detected. The amplitude is further influenced
when the plane of the circular array and the plane of the magnet differ. Then, the third
power of the geometric distance r between the magnet and the sensor reduces the field
strength components and voltages vx(n) and vy(n).

However, this ideal behavior only applies if the field strength is in the linear range of
the sensor characteristics; see Figure 3. In practice, deviations from these ideal conditions
must be assumed.

3.2. Data Acquisition

The implemented ring array consists of N = 16 sensors [5]. Each sensor has a rotated
angular arrangement of angle αs(n) = 2 π (N − 1)/n. The differential sensor signals vx(n)
and vy(n) are fed through an analog switch [27]. To sample all the sensors in sequence,
a demultiplexer is used [28]. Thus, the four signals of a single sensor are converted
simultaneously. The conversion is conducted with two simultaneous sampling 16 bit
analog-to-digital converters (ADCs) with differential input and a maximum sampling rate
of 4 MSPS [29]. The multiplexer and the ADC are connected to a microcontroller [30]. Its
USB interface allows communication with a host computer with a maximum of 460 Mbits.
Figure 4 shows a schematic of this setup.

Sensor
S0
s=0°

vx(0)

SW0

Switch

SW15

...

... ...

Sensor S15 s=337.5°
1:16
DEMUX

ADC0

ADC1

4

SPI

GPIO

μC

USB

HO
ST
 P
C

vx(0)
vy(0)
vy(0)

Data Acquisition ControllerCircular Sensor Array

Figure 4. Block schematic of the sensor array control circuit. The array and the data acquisition
controller are separated such that no magnetic flux guidance from the parts on the PCB (printed
circuit board) acquisition influences the measurement.
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4. Signal Processing

This section describes two signal processing methods for the circular sensor array. The
first is a direct method for calculating angles, and the second describes a training method.

4.1. Direct Method

The direct method for angle calculation evaluates the phase shift of the sensor array
signals using the discrete Fourier transform from Equation (3). The same nomenclature
applies as before, where index n stands for a sensor of the array having N sensors.

Vx(k) =
N−1

∑
n=0

vx(n) exp
(
− j 2 π

k n
N

)
, k = (0, . . . , K − 1) (3)

Because of the angular positions of the sensors within the circular arrangement, signal
vx forms a sinusoidal wave with an angular position frequency of one. The phase of this
frequency is influenced by the rotation of the magnet. Since only the first spectral line is
used, the calculation of the other lines in the sum of Equation (3) can be omitted. The angle
of rotation is calculated using Equation (4):

αx = ∠Vx(1) = atan
(
Im{Vx(1)}
Re{Vx(1)}

)
(4)

The same procedure can be used to calculate the angle via Vy. To determine the mean value αs
of both angles, the phase of Vy must be added to π/2 before calculating the phase angle:

αs =
1
2

(
αx + atan

(
Im
{

Vy(1)
}

Re
{

Vy(1)
} +

π

2

))
(5)

4.2. Training Method

A machine learning method was used for training, with Gaussian process (GP) regres-
sion proving to be a well-suited approach. The procedure is outlined in [31] for a squared
sensor array for angular measurement. We adapted this method for the circular sensor
array. In general, the GP regression consists of two phases, as overviewed in Figure 5.

circular
array

magnetic
source

ref.
encoder

H

training phase

covariance
matrix of Rm

inverse
covariance
matrix K−1Rm

K

memory

reference
angles

reference
matrices

inv. covariance
matrix

αref,m

operation phase

cov. vektor k
by R and Rm

weights w by
k and K−1

sum of w
and αref,m

R

k w

αGP

Figure 5. Flow chart for the determination of the absolute angle αGP using Gaussian process regression.
The values from the training phase (blue) are stored in a nonvolatile memory (red). These values are
required in the operation phase (green) to estimate the encoder angle from the current measured
values and the reference values by weighted sums.
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Within the training phase, a limited number Nref of measurements are collected
together in a matrix Rm =

(
vx vy

)⊺ with reference angles αref. These data are needed to
calculate the covariance matrix K with the elements Kmn = cov(Rn, Rm). In this study, the
quadratic exponential function is used as the covariance function in the following form:

cov(A, B) := exp

(
||A − B||2F

2 l2

)
(6)

where l acts as the length scale, which has to be optimized within the training phase
through simulation or using further measurement values between the reference points [32].

For the operation phase, the measurements, reference angles, and covariance matrix
are stored in a nonvolatile memory. Here, the covariance vector k is calculated using the
covariance function of the stored reference values and the actual measured values R. The
elements of the vector are given by km = cov(R, Rm). After this step, the weight vector w
can be calculated:

w = k⊺ · K91 (7)

The last step is the summation of the multiplication products of the weights and reference
angle values.

5. Experiments

We employed a test bench for the experiments. The position of the field-generating
magnet was specific to the application and located approximately on the central axis of the
ring array. The output values of both a single sensor and the sensor array were analyzed.
Finally, both signal processing methods described above were compared.

5.1. Test Bench for Verification

We examined the signal processing methods and the resulting angular errors on the
test bench shown in Figure 6. The measurement data from the circular sensor array were
recorded with the microcontroller system and evaluated on a PC. A capacitive reference
encoder on the test bench provided the angular information to determine the angular
accuracy of the magnetic measurement. The encoder had an absolute angular resolution of
14 bits, resulting in an accuracy of around 0.02◦ [33]. Considering the potential application
of the torsion measurement in screws, an M8 × 160 bolt was employed as the shaft. At the
end of the bolt, an attachment on the thread held a diametrically magnetized cylindrical
magnet of grade N45. This magnet had a diameter of 10 mm and a width of 8 mm. A stepper
motor rotated the shaft at a constant speed of 8 rpm during the entire measuring process.

Figure 6. Test bench for the angular measurement at the head of a threaded bolt. The motor control
and acquisition box contains the data acquisition controller, a stepper motor controller, and an
interface for the reference encoder. The magnet is located above the circular sensor arrangement at
the shaft end of a threaded bolt on an additively manufactured mount.
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5.2. Output Signals

The magnet utilized in the experiment produced a field strength exceeding 15 kA/m
at the sensors, leading to sensor saturation (see Figure 2). In the saturated range, the output
signal was independent of the field strength, depending only on the field direction. Conse-
quently, both signals reached their maximum output amplitude. When observing the curve
over a complete rotation at sensor S0, as depicted in Figure 7a, we recognize a pronounced
distortion due to the sensors operating in areas in which the sensor characteristic was
completely or partially saturated. Therefore, the sensor voltages did not follow the ideal
curve shown in Figure 3.

The saturation effects caused similar amplitudes of the two curves, as shown in
Figure 7a. Figure 7b illustrates the curves obtained for the individual angular positions,
ranging from S0 to S15. The phase shift induced by the rotation of the encoder magnet is
clearly indicated.
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Figure 7. (a) Output signal of sensor S0 in the array over a full rotation of the magnet. (b) The output
signals vx(n) (blue) and vy(n) (red) of the circular sensor array at an encoder angle of about 0◦ (solid)
and at a rotation of 45◦ (dashed). The rotation leads to a shift, as indicated by the black arrows.

5.3. Measurement Results

First, we considered the result of the direct method using Fourier transformation. For
this purpose, the angle between two vectors was defined as the error measure. In addition,
we defined the zero point for the comparison. The results of the Fourier transformation
of the output signals of vx over a full rotation of the magnet are shown in Figure 8a,b for
the real and imaginary parts, respectively. The components of the first frequency Vx(1)
are shown in red. Based on these two curves of the real and imaginary parts of a signal, a
single output sequence of the array was sufficient for the angle calculation.
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Figure 8. (a) Real and (b) imaginary parts of the first four frequencies of the Fourier transform of vx

over a complete rotation of the encoder as a function of the reference angle.
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Averaging the angles calculated from vx and vy leads to a higher resolution and may
offer an error reduction. For comparison, the angular errors from the individual bridge
signals—αe,x for vx, αe,y for vy, and αe,s for the sum αs—are shown in Figure 9. The two
individual calculations in Figure 9a,b had a larger angular error than their sum in Figure 9c.
For vx, the maximum error was about 0.3◦, and for vy it was about 0.6◦. After summing,
the angular error for a full rotation was less than 0.3◦. Notably, only the zero point was set,
and no other calibration was carried out.
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Figure 9. Angular error between the reference angle and the calculation using the Fourier transform.
(a) Error αe,x from signal vx, (b) αe,y from signal vy, and (c) αe,s from their sum.

Next, we evaluated the angular error based on the calculation using GP regression.
Figure 10 shows the angular error αe for six, eight, and ten reference positions. With just six
reference positions in Figure 10a, the angular error αe,6 was reduced to less than 0.15◦ over
a full rotation. When further reference values were added, the peaks between the reference
points were reduced, resulting in an error αe,10 of less than 0.12◦, as shown in Figure 10c.
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Figure 10. Difference between the reference angle and measured angle after training with Gaussian
process regression with (a) six, (b) eight, and (c) ten reference points.
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Table 1 shows the evaluation of the angular error with its maximum αe,max, mean
αe,mean, and standard deviation αe,std for different numbers of references Nref over a full
rotation. With an increasing number of references, only slight improvements occur, and
the length scaling l decreases. As this is an angle evaluation, small deviations in the input
signals for the angle calculation had a significant impact on the output signal.

Each case (i.e., six, eight, or ten references) requires a parameter optimization of the
length scaling l, which must be carried out in the training phase. However, more references
lead to increased memory requirements and computation effort in the operation phase.
Therefore, limiting the number of references is beneficial. Additional references can be
omitted if no improvement is observed.

Table 1. Results of the GP regression angle calculation for different numbers of reference values. The
maximum, mean, and standard deviation of the angular error are given in degrees. Furthermore, the
length scale l is given.

Nref 3 4 5 6 7 8 9 10 11 12

l 8.200 6.106 4.425 3.447 2.796 2.367 2.049 1.813 1.623 1.473
αe,max 2.342 0.827 0.288 0.142 0.136 0.129 0.115 0.113 0.106 0.110
αe,mean 1.319 0.392 0.098 0.040 0.038 0.046 0.034 0.032 0.029 0.033
αe,std 0.647 0.208 0.072 0.033 0.029 0.031 0.025 0.025 0.021 0.025

5.4. Future Tool Design

The results shown were carried out on a measuring setup to investigate the accuracy
of the measuring system. The only component made of ferromagnetic material in the
vicinity of the sensor array is the bolt on which the magnet is positioned. For further
investigations, the influence of the socket on the results must first be checked. This should
be positioned in the center of the array, as shown in Figure 1. The design and material
of the socket should be taken into account in order to minimize the influence on the
angle measurement. Materials with low ferromagnetic properties, such as bronze or
titanium, would be preferred. However, this is not always practicable in the application
or is associated with excessive costs, which is why steel alloys are used. The extent
to which the magnetic field of the encoder is weakened in the center of the socket and
whether a combination with the sensor array would be feasible must be examined. The
arrangement ensures that the distance between the encoder and the circular sensor array
is small. Therefore, the field strength at the sensors is in an advantageous measuring
range. As the intensity of the magnetic field decreases with cubic distance, the influence of
materials outside the array is typically negligible. It is also necessary to investigate how
flux-carrying materials in the surrounding environment affect the measured values. It can
be assumed that, due to the symmetry properties of the array, the effects mainly influence
the field strength, but not the resulting angle values.

6. Application Perspectives

The proposed solution can be an alternative to the classic resolver based on the
transformer principle with a rotating coil. Similar advantages are expected with regard to
robustness in harsh environments, contactless operation, no mechanical wear and friction,
and nonsensitivity to oil and dust. In addition, the energy requirement is low, and the
dimensions can be adjusted to the individual application. The TMR sensors and the
signal processing are well suited for an embedded microcontroller to control modern
mechatronic applications.

In addition to the preload force measurement in bolted joints, the torsion measurement
holds significance in various other scenarios. For instance, in a laboratory setting, a
torsion test rig currently relies on conventional and highly precise angle encoders [34].
However, these encoders necessitate mechanical coupling and alignment. On the other
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hand, the proposed magnetic sensor arrays offer the advantage of measuring without a
mechanical coupling.

For example, using the direct measurement method without training presents an
opportunity for detecting torsional vibrations in shafts within drive trains operating at
medium speeds. This application targets rotational speeds of up to 3000 rpm and requires
an angular error of less than 0.2◦.

Another relevant application is the utilization of precise angular measurements in
rotational rheometers used for highly viscous materials [35]. Implementing a cost-effective
inline rheometer can benefit from a circular magnetic sensor array. The initial reference
values can be recorded in a training phase using a sophisticated calibration device for
accurate measurements.

A potential application field pertains to observing the low dynamic backlash at the
output shaft of a gearbox, particularly in situations with extremely high gear ratios (1:1000
or higher). The static reference can be obtained through long-term measurements conducted
beforehand. An example of this application is the control loop of a large parabolic antenna
drive, characterized by a high mass moment of inertia [36].

7. Conclusions

This study presents two signal processing methods for angle measurement utiliz-
ing circular magnetic sensor arrays: a direct method and a method involving a prior
training phase.

The direct method demonstrated an accuracy of 0.3◦ or less without training and
calibration. The discrete Fourier transform was employed to combine the sensor measure-
ments and obtain the resulting angle. This approach is robust to signal distortion and does
not depend on signal amplitude. By incorporating a training phase based on Gaussian
process regression, the angular accuracy was further improved. With six reference values,
the experimental results show a maximum error of 0.14◦. For mobile and less-complex
applications where a reference system is unavailable, the direct method is preferable. How-
ever, in complex measurement systems where reference systems can be utilized initially or
continuously, significant enhancements can be achieved through prior training.

Future research should include the development of a complete tool and an optimiza-
tion of the human interface of the controlling and analyzing software.

Overall, this work demonstrates the advantageous use of modern magnetic sensor
technology combined with the principle of a sensor array.
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