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Abstract

A novel image-based sensor concept for the detection of multi-axial forces/torques has been introduced by the authors in
previous publications. The sensor concept is capable of detecting multiaxial loads in a single image and uniquely identi-
fying all load components. In the present work, the sensory properties of the image-based multi-axis force-torque sensor
are investigated in more detail. On the one hand, it compares the measurement resolution and measurement ranges as
essential properties of a force/torque sensor with dominate strain gauge-based ones. Moreover, the measuring dynamics
of the sensor are addressed and Deep Learning approaches are investigated to enhance the computationally intensive

analysis process of the image data of such sensors.

1 Introduction

Multi-axis force/torque sensors are capable of sensing the
magnitude and direction of acting forces. So far, mainly
robotics makes use these types of sensors, e.g. on grippers
or tools on the end effector. Due to the advancing digitali-
zation as well as the growing implementation of process
monitoring approaches, the employment of force and/or
torque sensors is becoming more and more important in
many processes. A good example of this are forming pro-
cesses, where deviations in force distributions due to tool
wear lead to variations in the workpiece characteristics. To
monitor the force distribution during the shear cutting pro-
cess, Groche et al. implemented spatially distributed uni-
axial force sensors in the tool assembly [1]. In a similar
approach, Kim et al. implemented spatially distributed uni-
axial force sensors on the guidance column of the forging
die to detect a non-symmetrical distribution of the process
force during the forging process [2]. However, despite
growing demand, the high cost of multi-axis force/torque
sensors prevents a widespread implementation in many
processes. According to Lee et al, despite their usefulness
and necessity, multi-axis force/torque sensors are reluc-
tantly used because of their high cost. They reported that
there is a tendency to avoid multiaxial force sensors unless
their absence would have a serious impact on performance
[3]. In addition to research on reducing the cost of strain
gauge based sensors, such as the reduction of the cost of
the required electronics by using a multiplexer between the
strain gauge and the voltage amplifiers [4], many studies
have investigated alternative measurement concepts for
cost effective multi-axis force/torque measurement. Here,
optical-based sensors gain a special attraction in terms of
cost-efficiency and simplicity of design. Most of this work
is based on measuring the change of light intensity due to
the deformation of a structure under loads in order to de-
termine the acting load and their directions, as stated in [5],
[6]. Meanwhile, there is a commercial optical-based
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force/torque sensor from OnRobot [7]. However, the meas-
uring resolution of the intensity-based force sensors with
respect to the needed deformation of the host structure is
far behind the performance achievable by strain gauge-
based or piezoelectric sensors. This means that a larger de-
formation of the host structure is required to measure a sig-
nal change. According to Berkovic et al., optical measuring
of small deformations or distance changes with higher res-
olution, i.e. in the range of one micrometer, requires rela-
tively expensive and complex measurement techniques
such as interferometry or confocal scanning [8], which no
longer meet the goal of cost-effective alternatives.

As part of our research to create low-cost multi-axial
force/torque measuring load-bearing structures, an image-
based measuring concept capable of capturing a three di-
mensional displacement in a single image has been devel-
oped. Based on digital image correlation DIC, the measur-
ing concept can detect displacements in the range of less
than one micrometer [9]. In addition, the sensor body can
consist of a simple cylindrical structure, in contrast to the
complex design requirements of strain gauge based sen-
sors. In this paper, we investigate which properties the sen-
sor can offer compared to strain gauge-based sensors. To
increase the measuring dynamics of the sensor, the poten-
tial of applying deep learning approaches in image analysis
is investigated. After a description of the sensor design the
measurement resolution is investigated experimentally.
Subsequently, the measurement dynamics of the DIC algo-
rithm is discussed and a CNN model for image processing
is presented. At the end, the results of the paper are sum-
marized.
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2  Methods

2.1 The image-based force/torque sensor

The developed measuring concept (Figure 1) is based on
the detection of the relative displacement between two
planes on a host structure under load. The first plane com-
prises a carrier disk on which an image sensor including
lenses is mounted. The second one involves an optical ob-
ject attached to a carrier disk. Both carrier disks are fixed
at a certain distance inside the host structure. The object is
divided into two parts and consists of directly viewed and
mirrored viewed patterns. The directly observed pattern
(red beam in Fig. 1) contains information about displace-
ments or rotation of the two carrying disks under load
(bending or torsion), also so-called in-plane displacements,
due to the parallel arrangement to the image sensor. The
mirrored pattern (green beam in Fig. 1), on the other hand,
is mirrored to include axial displacements or distance
changes between the two planes, also called out-of-plane
displacements. The pattern comprises a photomask with
transparent regions defined in size and position. The use of
such photomasks aims to increase the contrast and thus the
measurement resolution and to reduce the calculation time

s photomask :
lens  photomas L host

i structure

i

i
carreir :
disc i
image sen--
sor

A

;plane 2

measuring lenght

calculation point
(subset)

possible shifting

boundary line |
range

—————3
surface of image sensor X

Figure 1 Principle of function for multi-axis force/torque
measurement

during image analysis to four evaluation points in the entire
image [9].

Figure 1 illustrates the design of the sensor. The lower part
of the figure shows how the back-illuminated photomask
leads to only four processing points on the sensor surface.
The two upper points contain information about the dis-
placements of the mirrored beam and the two lower ones
about the direct beam. Furthermore, it can be seen that only
the search process of the points is limited to specified dis-
placement fields, which are determined by the maximum
possible load on the host structure and the resulting maxi-
mum relative displacement between the two planes. When
the structure is loaded, the displacement is calculated at
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two points in each pattern, from which the different loads
are calculated based on geometric relationships [9].

In the experimental study of the present work, the sensor
parts are installed in a steel cylinder structure with a meas-
uring length of 108 mm and a diameter of 110 mm with a
wall thickness of 2 mm. For the optical system, a CMOS
image sensor (OV5647) was used with a pixel size of 1.4
um and a sensing area of 2592 x 1944 pixels ~ 3.6 x 2.7
mm. The lens system was designed to have a magnification
factor of 3.4. The sensor is configured for the maximum
expected displacements at the maximal permissible loads
of the mechanical structure of 100 kN axial force, 31 kN
bending force and 4 k Nm torsional moment. These values
determine the measuring ranges of the individual measur-
ing axes. On the other side, the most critical feature of the
image-based sensor compared to the strain gauge-based
one is the measurement resolution. This is defined by the
smallest detectable displacement and can be mainly influ-
enced by the pixel size in the image sensor and by the op-
tical magnification. Assuming an evaluation accuracy of
up to one px on the image processing, this displacement
results in the theoretically smallest measurable loads of:
318 N for the axial force, 125 N for the bending force and
374 Nm for the torque. Here, the maximum loads cause the
maximum displacements of: 350 px at Fz of 100 kN, 250
px at bending force of 31 kN and a rotational displacement
of up to 15 pixels at a torque of 4 kNm. The displacements
are calculated via the DIC algorithm with a subpixel regis-
tration of 0.1 pixel using the cores-fine search method ac-
cording to [10].

2.2 Evaluation of the measuring resolution

The measuring resolution is experimentally determined for
each measurement axis. For this purpose, the sensor is
mounted in a developed test bench (Figure 2) with a strain
gauge-based reference sensor from HBM (K-MCS10-025).

reference
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Figure 2 Developed test bench for multiaxial sensor
loading
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The loads F, Fy, M, and F, are then separately applied. The
maximum permissible loads Fxy 5 kN, M, 250 Nm and F,
15 kN for the reference sensor were applied and released
in 20 steps in both measuring directions. Due to the long
lever arm between the bending load unit and the reference
sensor in the developed test bench, the maximum permis-
sible bending moments M,y in the reference sensor of 350
Nm were already reached at bending forces Fyy of to 1 kN.
Therefore, the load range of the bending forces is reduced
to 1 kN.

Due to the high stiffness of the structure and the low max-
imum torque of the reference sensor, an additional torsion
test was performed on a torque calibration test bench with
a torque sensor (HBM TB2 1 kNm) loaded in the range of
+1kNm.

As shown in Figure 2, the loads Fx, Fy, M, F, are manually
adjusted by the bolt fastening in decoupled loading units.

2.2.1 Bending forces Fx and Fy

When loading the sensor with the bending forces Fy and Fy,
displacements at the points P; and P, were calculated. First,
these displacements are transformed via coordinate trans-
formation from the coordinate system of the image sensor
(x —y) to the coordinate system of the reference sensor
(¥ — ¥). This way, the displacement in the ¥-axis becomes
a linear function of Fx and the displacement in the y-axis
becomes a linear function of Fy. Figures 3 and 4 show the
calculated displacements in relation to the forces measured
by the reference sensor.

As can be seen in both Figures 3 and 4, a linear behaviour
between the displacements and the bending forces can be
observed. A maximum deviation of 104 N was determined
for F, and 100 N for Fy. In respect to their measuring range
of 31 kN, a deviation of about 0.33 % can be determined.
However, this linear behaviour assumes that the tilt of
plane 1 to plane 2 is negligible.

2.2.2 Torque M,

During data evaluation, it was observed, that there is no
shift at points P; and P» for torques up to 1 kNm. This is
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Figure 4 Displacement at P; and P, caused by Fy

caused by the high stiffness of the structure and the very
small distance between the points P and P>, which is set to
about 800 pixels. Taking into account the optical magnifi-
cation of 3.4 and the pixel size of 1.4 pm, this distance re-
sults in a distance of 0.33 mm. However, since a distance
between the upper pattern (green beam in Figure 1) and
the mirror is about 13 mm, a detectable displacement of the
points P; and P4 along the x -axis was observed. Figure 5
shows the detected displacement at P3 and P4 along the x -
coordinates of the image sensor under the applied torque
load.

The green boxes in Figure 5 represent the load curve on
the developed test bench with the reference sensor at a tor-
sional load between + 250 Nm. The blue circles represent
the loads in the torque calibration system with a torsional
load between = 1 kNm.

The measured data show a maximum deviation of 95 Nm.
With reference to a measuring range of 4 kNm, this results
in a deviation of 2.5 %.
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Figure 5 Displacement at P; and P4 caused by M,
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2.2.3 Axial force Fz

When the host structure is subjected to an axial load Fz, the
distance between the two measuring planes planel and
plane2 (Figure 1) changes. This causes no change in points
1 and 2, but the mirrored beam P; and P; is shifted along
the y -axis of the image sensor. Figure 6 shows the calcu-
lated displacement at P3 and P4, occurring along the y -axis
of the image sensor at an axial load between £15 kN.
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Figure 6 Displacement at P3 and P4 caused by Fy

Figure 6 shows a linear and more scattered trend compared
to the results for Fy, Fy and M,. A maximum deviation of
3.7 kN is found. With respect to the measurement range, a
deviation of 3.7 % is calculated.

2.2.4 Comparison of the measurement resolution
to strain gauge-based sensors

The deforming body in strain gauge-based sensors has dif-
ferent geometric shapes depending on the system require-
ments such as required load conditions or measuring
ranges. The highest measurement resolutions are achieved
by means of the bending principle, while the largest meas-
urement ranges are available for tension/compression
transducers [11]. The following table shows the measure-
ment resolution achieved in the developed sensor in com-
parison with the used reference sensor (HBM: K-MCS10-
025) and another sensor (HBM:MSC10-100), which has
measurement ranges of F, 100 kN, Fxy 20 kN, M, 15 kNm.
The deviations are calculated by dividing the maximum er-

ror to the measuring range:
Table 1 Comparison of the measurement resolution of the im-
age-based and strain gauge-based sensors

load imaged-based | used HBM HBM-MSC10-
reference 100
Sensor

Fx 0.33 % 0.12 % 0.026 %

Fy 0,33 % 0.12 % 0.026 %

M, 2,5 % 0.34 % 0.056 %

F, 3,7 % 0.06 % 0.015 %
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2.3 The image analysis process

A major shortcoming of image-based measuring concepts
compared to strain gauge measuring methods or optical
ones based on light intensity detection is the low measuring
dynamics, due to the required computationally expensive
image-processing step. The computation time increases al-
most exponentially with the size of the search field and the
degree of subpixel registration.

Figure 7 shows an example of the computation CPU time
as a function of the degree of subpixel registration for a
subset size of 40 x 40 pixels and a search field of 8 (solid
line) and of 40 pixels (dashed line). The used notebook has
a 2.4 GHz Intel Core 2 Duo processor and 4 GB 1067 MHz
DDR3 RAM.
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Figure 7 Required calculation time depending on the
subpixel registration

Figure 7 shows that the smaller the search field, the faster
the image processing. If high subpixel registration is used,
the processing time increases almost exponentially for
smaller search fields. For a search field of 40 pixels, the
processing time over the degrees of subpixel registration is
almost steady. This is due to the fact, that only the signifi-
cant regions of the image where the correlation is highest
are considered for image interpolation. Therefore, the
smaller the search field, the greater the effect of increasing
subpixel registration. For the evaluation of 4 points with a
size of 40 pixels and in a field of 40 x 40, a time of 2.5 s
would be required without subpixel registration.

For a maximum displacement of only 8 pixels, only 0.12 s
computing time is required. This presents a challenge when
high optical magnifications are also deployed. Generally,
the smaller the features, the higher the displacement sensi-
tivity. Since the fabrication of speckle-sized features (2-20
pm) by UV photolithography is very expensive, the cost
increases as the speckle size becomes smaller [10].

For alternative image processing methods, the CNN mod-
els seem to be the most suitable. However, in order to train
anetwork, a large amount of data is usually required, which
is an obstacle for the sensor technology that generates only
a limited amount of data during the calibration process.
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2.3.1 CNN based displacement computation

In this work, we have investigated the design of a simpli-
fied CNN, which can achieve the accuracy with a small
amount of training data. First, 72 images are acquired at
different loads and evaluated using the DIC algorithm.
With this data and the displacements calculated by DIC, a
CNN is trained. This way, the CNN model will be able to
replace the DIC in calculation of the displacements with
less computation time. Since CNNs have high performance
in classification tasks [12], the considered problem is re-
duced to a classification problem. As in the current data the
displacements in the image are less than 100 pixels and
have an evaluation resolution of up to one decimal digit,
the CNN was divided into three stages. The first level of F-
CNN determines the displacements in the 10s scale. The
second level of S-CNN determines the displacements in
single digits and the last level, T-CNN, determines the dis-
placements in the decimal digits. Each level includes 10
classes, which classifies the displacements between 1 and
10. To keep the complexity of the network to be created
and thus the required amount of training data as low as pos-
sible, the algorithm is designed to calculate displacements
in one direction only. In order to determine displacements
in all directions, each image is rotated by 0°, 90°, 180°, and
270°, the displacement is calculated each time and assigned
to the axis depending on the rotation. The CNN then rec-
ognizes the displacements in all directions, i. e. as displace-
ment in positive x-direction. The resulting CNN has three
basic units and three fully connected layers. Each basic unit
contains two convolution layers. Each convolution has a
kernel size of 5 x 5 pixels. The convolution in the first
Basic Unit contains 16 kernels, in the second Basic Unit 32
kernels and in the third 64 kernels. In Figure 8, the accu-
racy is determined by the evaluation for each classification
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level and the resulting computation time as a function of
the number of fully interconnected layers. The first number
in the square brackets is the number of layers and the sec-
ond number is the accuracy or the calculation time, respec-
tively.

As can be seen in Figure 8, the created CNN, the F-CNN,
achieves an accuracy of classification of 97.569 %, the S-
CNN 89.584 % and the T-CNN 82.636 %. The training
time required for the entire CNN structure is 1130.314 s.
For the evaluation of an image consisting of four subsets
of 80 pixels, the required CPU time is 0.87 s. The maxi-
mum error related to the maximal displacement is 5.066 %.
The error results mainly from the calculation of the dis-
placement in the decimal point and can be partly attributed
to the deviation in the DIC algorithm.

3

In this paper, an image-based multiaxial force/torque sen-
sor is presented and its essential properties in terms of
measuring resolution and measurement range are com-
pared with the market-dominant strain gauge-based sen-
sors. Compared to the existing investigated and intensity-
based optical force/torque sensors in the state of the art, the
developed sensor appears to be a promising cost-effective
alternative regarding the achievable measuring resolution.
However, the achieved resolution is still far behind the per-
formance of strain gauge based sensors, as shown in (Ta-
ble 1). An increase of the measurement resolution can
mainly be obtained by increasing the optical magnification.
In this case, the system design must be optimized to avoid
the negative effect of the optical magnification on the
measurement resolution on the torque.

Due to the relatively time-consuming image processing,
the sensor has a low measurement dynamic. Initial investi-
gations into the use of CNN in the image evaluation pro-
cess show potential for increasing the measuring dynamics
through the use of CNN algorithms.

Future work will investigate the potential for using CNN
throughout the evaluation and calibration process of the
sensor behaviour.

Conclusion
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