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II 

Abstract 

Automated process chains in Industry 4.0 lead to increasing relevance for data 
acquisition to control forces and torques in many manufacturing processes. By 
measuring process forces and moments, it is possible to implement control 
approaches and, thus, more accurately obtain selected product characteristics. 
Moreover, the use of sensors is increasing to enable digital structural monitoring 
approaches and predictive maintenance. However, poor accessibility, error-
prone measurement positions, or harsh environments typically prevent the use 
of external sensors for the accurate measurement of load conditions in load-
bearing structures or process forces/moments in manufacturing machines. 
Structure and machine elements with integrated sensors permit the direct 
measurement of process forces and moments on the structural components or 
machine tools without affecting their mechanical functionality. According to the 
latest research, the integration of electromechanical transducers, such as strain 
gauge-based or piezoelectric transducers, into passive metallic structures by 
various methods, especially forming technology, has proven to be particularly 
promising. However, while these solutions have excellent potential, their 
widespread implementation is hampered by the limited performance of the 
sensors, such as high-resolution detection of the direction and magnitude of the 
applied loads, and their associated high cost. 

This dissertation undertakes an investigation into the viability of employing 
optical image-based measurement concepts for measuring structural 
deformation under external loads, with the aim of realizing cost-effective and, at 
the same time, multiaxial sensor load-bearing structures and machine elements. 
A specialized measurement concept is developed, and relevant system design 
parameters are identified in a systematic manner. In addition, a process design 
is investigated for the integration of sensitive optical elements into metallic 
structures by rotary swaging, taking into consideration the respective 
requirements for positional accuracy. The dissertation concludes by highlighting 
the overall potential of optical image-based sensors for the comprehensive 
detection of multiaxial loads in structures and machine elements, thereby paving 
the way for the widespread integration of sensor structures and machine 
elements in various application domains. 
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Kurzfassung 

Mit der Automatisierung von Prozessketten in der Industrie 4.0 gewinnt die 
Datenerfassung zur Regelung von Kräften und Momenten in vielen 
Fertigungsprozessen zunehmend an Bedeutung. Durch die Erfassung von 
Prozesskräften und -momenten können Regelungsansätze umgesetzt werden, 
um ausgewählte Produkteigenschaften genauer zu erreichen. Darüber hinaus 
werden zunehmend Sensoren zur digitalen Strukturüberwachung und 
vorausschauenden Wartung eingesetzt. Allerdings verhindern schlechte 
Zugänglichkeit, fehleranfällige Messpositionen oder raue 
Umgebungsbedingungen in der Regel den Einsatz externer Sensoren zur 
genauen Messung von Belastungszuständen in Tragstrukturen oder von 
Prozesskräften/-momenten in Fertigungsmaschinen. Durch die Integration von 
Sensoren in Struktur- und Maschinenelemente können Prozesskräfte und -
momente direkt an Bauteilen oder Maschinenwerkzeugen gemessen werden, 
ohne deren mechanische Funktionalität zu beeinträchtigen. Die Integration von 
elektromechanischen Wandlern, wie dehnmessstreifenbasierten oder 
piezoelektrischen Wandlern, in passive metallische Strukturen hat sich nach 
neuesten Forschungserkenntnissen durch verschiedene Verfahren, 
insbesondere der Umformtechnik, als besonders vielversprechend erwiesen. 
Eine breitere Anwendung dieser Lösungsansätze wird jedoch durch die 
begrenzte Leistungsfähigkeit der Sensoren, wie z. B. die hochauflösende 
Erfassung von Richtung und Betrag der aufgebrachten Lasten, und die damit 
verbundenen hohen Kosten behindert. 

In dieser Dissertation wird die Einsatzmöglichkeit von optischen, bildbasierten 
Messkonzepten zur Erfassung von Strukturverformungen unter externen Lasten 
untersucht, mit dem Ziel, kostengünstige und gleichzeitig mehrachsig 
sensorische Tragstrukturen und Maschinenelemente zu erzeugen. Zu diesem 
Zweck wird ein spezielles Messkonzept entwickelt und es werden systematisch 
die relevanten Systemauslegungsparameter identifiziert. Weiterhin wird ein 
Prozessdesign zur Integration empfindlicher optischer Elemente in metallische 
Strukturen durch Rundkneten unter Berücksichtigung der jeweiligen 
Anforderungen an die Positioniergenauigkeit untersucht. Die Dissertation 
schließt mit der Betonung des Gesamtpotenzials optischer bildbasierter 
Sensoren zur Erfassung multiaxialer Belastungen in Strukturen und 
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Maschinenelementen, wodurch der Weg für eine weitreichende Integration von 
Sensorsystemen und Maschinenelementen in verschiedenen 
Anwendungsbereichen geebnet wird.
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 Introduction 

The transition towards digitalization in the industrial world is accelerating. Smart 

components are gradually replacing traditional technologies and gaining more 

and more recognition for their importance. They bring about the potential for 

increased lightweight construction, as well as monitoring and enhancing the 

service life and safety of mechanical and civil engineering structures, both 

mobile and stationary [MEL16]. Sensor machine components and load-bearing 

structures enable the digitalization of existing processes and structures. Their 

objective is to extend classical machine elements with a sensory function. The 

increasing prevalence of digitalization requires the implementation of smart, 

advanced sensor components that are able to perform self-diagnosis or 

calibration, communicate with users, predict maintenance, and estimate 

remaining useful life based on measured operating data and not only on 

operating time [AND12].  

Recently, significant milestones have been reached in the field of sensor 

structures. In addition to approaches that introduce sensor structures in specific 

designs with limited feasibility, standardized commercial sensor machine 

elements, such as the piezo bolt [CON23], are becoming commercially 

available. However, achieving the ambitious objective of transforming traditional 

structures into intelligent ones comes with stringent requirements on the 

creation of these components. Cost-effective joining methods for adaptable, 

configurable sensors are a prerequisite for realizing these objectives. In 

addition, the sensor structures must be manufactured as standardized 

components, so that they can be implemented with almost no modification to 

the existing environment and based on the existing knowledge of design 

engineers [KRA20]. Due to the advancing digitalization, 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 these are forming processes, where deviations 

in force distributions due to tool wear can lead to variations in the workpiece 

characteristics. To monitor the force distribution during the shear cutting 
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process, Groche et al. implemented spatially distributed uniaxial force sensors 

in the tool assembly [GRO19]. In a similar approach, Kim et al. implemented 

spatially distributed uniaxial force sensing fasteners on the guidance column of 

the forging die to detect a non-symmetrical distribution of the process force 

during the forging process [KIM18]. Fasteners are a good example of multiaxial 

loaded machine elements. Typically, they are subjected to bending loads in 

addition to the primary axial and torsional loads [IBR05].  

Investigations into sensor integration into host structures through forming have 

highlighted several beneficial aspects, such as the ability to force and form-fit 

sensors joining into the structure, as discussed in reference [O1]. However, 

creating multi-axis sensor structures and machine elements faces process-

related challenges and high costs. Krech's dissertation exposed limitations in 

extending measurement axes of forming integrated sensors into load-bearing 

structures [KRE20]. In the field of conventional external multiaxial force/torque 

sensors, the high cost also restricts their application. A tendency to avoid using 

multiaxial force sensors is reported in the field of robotics, unless their absence 

would have a serious impact on robotic performance [LEE16].   

Many studies have investigated alternative approaches to multi-axis 

force/torque measurement instead of the dominant and costly strain gauge-

based sensors.  Optical-based sensors are becoming increasingly popular due 

to their low cost and simple design. Most studies in the field of multiaxial 

force/torque sensors that use optical methods typically measure the change in 

light intensity resulting from the deflection of a structure under load [TAR11], 

[XIE12]. Meanwhile, optical-based force/torque sensors are commercially 

available from OnRobot [ONR23]. Nevertheless, the resolution of force/torque 

sensors based on intensity measurement lags behind that of strain gauge-based 

or piezoelectric sensors with respect to the required structure deflection.  

Adapting optical-based measuring techniques to measure the multi-axial 

deformation under load in load-bearing structures and machine elements poses 

two major challenges. First, how can the current measurement resolution be 

improved in a simple way? Second, how can a high-resolution optical non-

contact multiaxial sensor be integrated into mechanical structures, and is sensor 

integration by forming technology still possible? 
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 State of the Art 

2.1 Sensor Structures and Machine Elements 

Increasing structural safety and improving process understanding to predict 

machine behavior and product quality are an ongoing goal in the various fields 

of mechanical engineering. The growing use of sensors in the field of process 

control and condition monitoring has increased the demand for high quality data 

that provide higher informative content. Calmano demonstrated that placing 

sensors in close proximity to the target point of interest increases the data 

information content [CAL17]. However, this approach presents a big challenge 

regarding measurability. On the example of a forming machine, placing the 

sensors on the outer frame of a machine allows for relatively simple sensor 

integration. It suffers, however, from the poor data content. On the other hand, 

the information obtained from the component or tool is of high quality, but the 

integration of sensors in these areas is typically difficult or technically impossible 

[CAL17]. 

To enable the placement of sensors near the point of interest, a trend has 

emerged to extend the functionality of conventional machine elements by 

integrating sensitive sensor elements. Early proposals in this field includes 

integrating a strain gauge-based sensor element into a small hole within a bolt 

[OHT05]. Some works focus on integrating the sensor elements into tool 

systems, like force measuring in a ball screw drive system through the 

integration of a strain gauge-based sensor pin [MOE12]. In another area of 

research, sensor elements are integrated into the metallic structures of machine 

elements during the manufacturing process, such as the integration of 

piezoelectric sensors into bolts by means of rotary swaging [GRO14]. The most 

known approaches are discussed in more detail in the following sections.  
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2.1.1 Manufacturing process for sensor integration into mechanical 

structures 

The process of integrating sensors into the metallic structures of machine 

elements can occur during the creation or processing of the metallic structure or 

through subsequent retrofitting of already manufactured machine elements. 

When retrofitting sensors to machine elements, the sensor elements are usually 

inserted into existing or newly created holes. Typical examples are the 

embedding of strain gauge tubes into bolts by means of epoxy adhesives 

[OHT05] or the press-fitting of strain gauge-based sensor elements into metallic 

structures [KRE21]. Alternatively, many studies have considered the embedding 

of sensor elements into metallic structures during their processing phase to 

create semi-finished processable sensor metallic structures. As described in 

detail in [O1], these production processes can be classified into the five main 

processing groups according to DIN 8580 [DIN22]. The following table 

summarizes these processes. 

Table 1: Manufacturing Process of Semi-Finished Sensor Products Grouped 
According to DIN 8580 

Processing Group Process  Description 
Primary shaping Die casting Thick-film strain gauge transducers 

are die-cast into aluminum parts 
[TIE17] [SCH13]. 

Ultrasonic 
additive 
manufacturing 

Optical fibers are embedded into an 
aluminum alloy [HEH18]. 

Laser engineered 
net shaping 
 

Optical fibers protected with a 
cladding of cushioning material are 
embedded onto the surface of a 
turbine blade [ZOU14]. 

Welding and 
brazing 

Welding Ni and Cu coated glass fibers are 
embedded on a surface of tin coated 
steel ST-52 with a tin alloy wire 
[GRA16]; or fiber optic sensors are 
embedded through layer-by-layer 
cladding [GRA18]. 

Brazing  Brazing alloy is fused to the metallic 
coating of the fiber [SAN07]. 

Coating 
 

Coating Electric polymer-based piezo paints 
are applied directly onto the surface 
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of a host structure for fatigue crack 
detection [ZHA06]. 

Forming Pressing 
 

Micro piezo modules are embedded 
into micro-structured cavities by 
means of pressing [SCH14a] 
[SCH14b]. 

Rotary swaging 
 

Piezo- and strain gauge-based 
transducers are integrated into 
metallic tubes [GRO11] and 
fasteners [GRO14] based on recess 
and infeed [GRO17a] rotary 
swaging. 

Rolling A thermoplastic polymer highly 
enriched with piezoceramic powder 
is joined with thin metal sheets 
[KRA15]. 

Joining Adhesive 
bonding 

Metal sheets are formed by deep 
drawing with a piezo module 
integrated via an adhesive liquid 
[DRO18]. 

 

A comparison of these processes shows that additive manufacturing is still not 

a cost-effective technology for the mass production of sensor structures, despite 

its high degree of design flexibility [O1]. Conversely, the high temperatures 

required for casting, welding, or brazing impose significant limitations on the 

integration of sensors on thermally isolated elementary sensors, such as thick 

film strain gauge sensors or specially coated fiber glass sensors [CAV19]. Since 

machine elements are often exposed to harsh environments where they are 

already subject to mechanical loads, temperature, and humidity, attaching the 

sensor material to their surfaces, like painting or even attaching strain gauge 

films, is limited to special operating conditions. Furthermore, a degradation of 

the piezoelectric function depending on the process parameters was observed 

during the post-processability of piezo modules that were adhesively bound to 

deep drawn sheet metal [MUE16]. 

The investigated approaches for sensor integration into mechanical structures 

include joining processes that are capable of integrating ready-to-use sensors, 

including the necessary electronics. Some of these processes, like joining by 

forming or press fitting, have demonstrated high suitability in terms of cost-

effectiveness and the ability to control and reproduce the sensory properties. 
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Joining by forming allows for target-oriented pre-stress conditions. In this way, 

the transducer can be integrated for monitoring and even controlling the joining 

process. Müller et al. developed an in-process monitoring method for preload 

evaluation and for fault detection during the integration of piezo modules into 

micro-structured aluminum sheets [MUE17]. In order to obtain defined preload 

– and therefore reproducible – sensory properties of the sensor structures 

produced by incremental forming processes, Krech et al. use the signal of the 

force transducer that is to be integrated to control the preload during the 

integration process [KRE18]. Furthermore, it could be shown that by detecting 

the acting forming forces during sensor integration at the integrated sensor and 

at a reference point at the forming machine, an in-process calibration of 

manufactured sensor tubes can be implemented [O2].  

2.1.2 Rotary swaging 

Rotary swaging is an incremental swaging process for the production of 

rotationally symmetric components [DIN03]. In certain process designs, the 

tools hammer radially on a rotating workpiece to achieve a reduction in the cross 

section of tubular or solid bar stock [GRO07]. Figure 1 illustrates a configuration 

of a rotary swaging machine. An incremental process involving the rotation of 

the workpiece and radial oscillation of the four dies achieves a reduction of the 

workpiece cross section. This motion is initiated by the rotating swaging axis, 

driving the base jaws, which are equipped with top surface cams. These cams 

interact with the cylinder rollers to push the dies inward. The swaging head has 

12 cylinder rollers. Included in these components are dies, spacers, base jaws 

with cams, and cylinder rollers [ISH19]. 
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Figure 1: Illustration of the Rotary Swaging Unit [ISH19] 

Two different process types of rotary swaging can be distinguished: (1) infeed 

rotary swaging and (2) recess rotary swaging. In infeed rotary swaging, the 

workpiece is fed into the dies at speed 
�, as shown in Figure 1. During recess 

swaging, the workpiece remains stationary in the axial direction, while the dies 

gradually progress in the radial direction to the final dimensions. 

In addition to the radial forming forces imposed by the dies, axial forming forces 

also occur in rotary swaging as the workpiece moves forward into the dies. In 

both cases, torsional moments arise due to the workpiece rotation while the 

tools engage the workpiece. In his numerical studies, Rathmann showed the 

influence of the angle of rotation per stroke � on the resulting angle of twist at 

the workpiece [RAT07], Figure 2. 



State of the Art 

8 

 

Figure 2: Influence of the rotation per stroke � on the resulting angle of twist 
according to [RAT07] 

As shown in Figure 2, the resulting angle of twist increases linearly with an 

increasing angle of rotation per stroke. Here, the angle of rotation is defined as 

� � ���� ∙ 360°���  

where ���� is the frequency of workpiece rotation, and ���  is the swaging 

frequency, defined as the number of tools strokes per second. 

 

2.2 Multiaxial Force/Torque Measuring 

2.2.1 Strain gauge-based multiaxial force/torque sensors 

Force and torque sensors are used in a wide range of applications, from medical 

to industrial to aerospace. With the continued advancement of digitalization, the 

spectrum of applications has significantly expanded. The review of current 

research on multi-axis force/torque sensors shows a clear dominance of strain 

gauge-based measuring techniques [TEM20]. In this type of measurement 

technique, strain gauge films are attached at various places on an elastic 

deformable structure. Important sensor properties, such as sensitivity, sensor 

accuracy, measurement range, and crosstalk between the measurement axes, 

depend significantly on the deformation behavior of the elastic element and the 
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sensitive elements [XIO18]. The elastic element and the attachment of the strain 

gauges can have various designs depending on the system requirements. 

Figure 3 shows an overview of the basic design types of elastic elements 

depending on the type of load-induced stress. 

 

Figure 3: Basic types of elastic elements in strain gauge force/torque sensors based 
on the load-induced stress according to [GEV06]. 

As the number of measurement axes increases, the complexity of the sensor 

design also rises, especially since the crosstalk between the individual 

measurement axes cannot be completely eliminated [LIB75]. This results in a 

higher number of strain gauge films, a more complex design of the sensor’s 

elastic elements and associated electronics, and more extensive calibration 

approaches [LIB75]. To date, many design guidelines have been developed to 

reduce crosstalk and enhance measurement accuracy by ensuring anisotropic 

or decoupled deformation behavior of the elastic element under load, as 

discussed in [HU18], [LIN20] and [KAN14]. This is usually achieved by 

optimizing the mechanical sensor design along with a certain distribution of the 

sensing elements. For example, Akbari et al. present a numerical shape 
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optimization technique for improving the coupling errors of a so-called Maltese 

crossbeams type six-axis force/moment sensor. The proposed technique 

involves modifying the geometry of the sensor to reduce coupling errors while 

maintaining its sensitivity [AKB18]. An example of a sensor design for a six-axis 

force/torque sensor is shown in Figure 4. In the sensor design according to 

Ishkina et al., the elastic body consists of four elastic beams. The beams are 

connected by a square platform in the center with four elastic edges. The tool 

attaches to the upper flange, transmitting forces and moments to the elastic 

body via a square platform. The lower flange serves as both an end cap and 

elastic body support. For this design, a total of 32 strain gauges are installed 

[AHM21]. 

 

Figure 4: Design of a strain gauge-based six-axis force/torque sensor [AHM21]. 

In addition to the typical metal foil strain gauge elements, alternative sensing 

elements, like semiconductor strain gauge [HON12] and [ZHA16] or fiber grating 

[XIO18] and [LVS20] are sometimes used. However, the resulting overall high 

cost of strain gauge-based multiaxial force/torque sensors has prevented rapid 

implementation in many applications.  

The price of six-axis force/torque sensors depends mainly on the achievable 

measurement accuracy, by, among other things, compensating for the crosstalk 

behavior between the measuring axes. In his research on the price of multi-axis 

force/torque sensors, Malicevic has shown that the price of sensors from ATI 

and Me-Systems, for example, ranges from €4,000 to €30,000, depending on 

the accuracy class [S1]. 
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2.2.2 State of the research on alternative measuring concepts 

Many researchers focus their efforts on reducing the design complexity and 

overall cost of multi-axis force/torque sensors. Some researchers aim, on the 

one hand, at minimizing the cost of strain gauge-based transducers through new 

design approaches, such as a three-axis force/torque sensor with only four 

strain gauges and a switchable quarter-bridge and only one voltage amplifier 

[BIL21]. On the other hand, many researchers have introduced new sensors 

based on alternative measuring concepts, such as capacitive [KIM20] or optical 

transducers. 

A discernible trend in recent times has been the development of multi-axis 

force/torque sensors based on optical measurement technologies. In particular, 

optical-based non-contact sensors offer a low-cost, simple design and facilitate 

structural integration while avoiding the strict design requirements of the elastic 

elements in strain gauge-based sensors. These sensors detect displacements 

or structural deformation through intensity changes, unlike electromechanical 

sensors that rely on local strain measurement.  

In the field of optical force/torque measurement, Tar et al. presented a 3D tactile 

force sensor in which light emitted by LEDs is received by reflective deformable 

hollow rubber hemispheres and reflected into light-emitting diodes. The 

magnitude and direction of the grip force is then determined by the change in 

intensity at the light diodes. This enables force sensing in the compliant gripper 

of a robot with a stable grip [TAR11]. A similar principle of operation is presented 

by Noh et al. in the form of a three-axis force/torque sensor for easy installation 

in the structure of a manipulator arm [NOH16]. Al-Mai et al. presented, firstly, a 

three-axis, and then later a six-axis, fiber optic force/torque sensor in which the 

generated and reflected light is propagated with high accuracy and low noise 

through a pair of optical fibers from the LED to the mirrors and then back to the 

photodiode [ALM17] and [ALM18]. Xie et al. adopted the optical measurement 

concept due to the requirement of application in a magnetic resonance imaging 

(MRI) environment where no metallic component could be used. Unlike the 

previous measurement concepts, where the change in light intensity and thus 

the displacement due to load was measured by evaluating the proportional 

voltage value of the applied photodiodes, in Xie et al.’s approach, the intensity 

change was pixel-based and measured with a camera [XIE12].  
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Díez et al. presented an optical force sensor based on a different measurement 

concept, where the load on the structure causes the displacement of a built-in 

converging lens. The light distortion caused during the lens displacement is 

measured by a 2x2 photo-detector matrix and interpreted as a bending 

proportional signal [DÍE18]. Commercial optical-based multi-axis force/torque 

sensors are also being promulgated, such as the OptoForce sensor from the 

robotic gripper company OnRobot [ONR23]. Figure 5 shows some multiaxial 

force sensors based on the principle of optical intensity variation. 

 

Figure 5: Optical intensity based multiaxial force sensors. (a) The deformation of the 
internally reflecting rubber hemisphere results in a different intensity pattern in the 

photodiodes [TAR11]; (b) as the distance between the mirrors and the optical fibers 
changes, the intensity of the reflected light changes proportionally [XIE12]; and (c) 

changing the distance between the fiber tip and the respective mirror results in 
changes in the intensity of the light detected by the photodiodes [ALM17] . 

As shown in Figure 5, all these measurement concepts are based on the direct 

evaluation of the change in intensity as a quantity proportional to the load 

condition. Despite the mainly economic advantages of optical intensity sensors 

in terms of more flexible and lighter designs, the structures must be sufficiently 

compliant to produce measurable displacements. Hence, optical sensors are 

mainly used for force measurements on more compliant structures, such as 

plastic and rubber. Their measuring resolution, in terms of the required 

deformation, is quite far behind the achievable performance of conventional 
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strain gauge-based or piezoelectric sensors. According to Berkovic et al., an 

optical sensor with higher resolution, for example, in the range of one µm, 

requires relatively expensive and complex measuring technologies, such as 

interferometry or confocal sensing [BER12]. When it comes to sensors with 

resolution comparable to strain gauge sensors, the most common are all fiber-

based force/torque measurement methods [WOL23], which, however, similar to 

the strain gauges, measure the local strain instead of the resulting displacement. 

2.2.3 Multiaxial sensor machine elements  

In the field of mechanical engineering, for instance, many machine elements are 

subjected to complex loads during their use phase, which can lead to fatigue-

related degradation. Fasteners are a typical example of such machine elements. 

They are usually subjected to bending loads, in addition to the primary axial and 

torsional loads [IBR05]. In turbine shafts, a combination of torsion and bending 

loads may lead to the development of cracks [MOM12]. As visualized in Figure 

6, fasteners in the one-sided flange profile of a wind turbine tower are subjected 

to cyclical bending forces, resulting in the loss of preload [LI23]. For this reason, 

the preload of the bolts in a wind turbine is regularly inspected. 

 

Figure 6: Multiaxial load conditions borne by fasteners in a wind turbine tower [LI23]. 

Current research includes approaches to the design of multi-axis sensor bolts. 

Some are based on strain gauge technology, such as attaching strain gauge 

films to a wind turbine M73 bolt [SCH21] or screwing a strain gauge-based 

sensor into an M20 bolt [HER22]. Alternatively, Wolf has shown how a torsion 
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and bending sensor bolt can be achieved by using a laser beam traversing a 

total reflection prism rod integrated into the bolt [WOL23]. Figure 7 below depicts 

examples of these technologies. 

 

Figure 7: Multiaxial sensor bolts that function (a) by external attachment of strain 
gauge films on an M72 Bolt [SCH21]; (b) by screwing a strain gauge sensor inside an 
M20 bolt [HER22]; and c) by the integration of a laser source and a prism rod into the 

bolt [WOL23]. 

Particularly in the case of structurally integrated approaches, multiaxial load 

sensing at present appears to be very critical because of the associated 

reduction in the strength of the bolt. Herbst et al. reported a 23.5% decrease in 

the mechanical strength of the bolt [HER22]. 

2.3 Relevant Fundamentals of Imaging Systems 

Camera modules are present in many consumer electronic devices, such as 

smartphones, computers, and tablets, and this market is expected to grow 

significantly over the next few years [STE12]. In terms of industrial application, 

camera systems for image-based quality and process monitoring are attracting 
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more attention and becoming a growing trend in the manufacturing industry 

[SMI21]. The use of industrial cameras and machine vision typically includes 

applications for detecting objects in images and extracting quality or process 

features [PER13]. The simplest imaging system consists of an image sensor 

and a lens system that focuses and, if necessary, magnifies an object on the 

surface of an image sensor. Figure 8 shows a standard camera assembly. 

 

Figure 8: Visualization of the camera assembly according to [PRO23]. 

2.3.1 Lenses and optical magnification 

Lenses are considered to be the most fundamental and widely used 

components of optical imaging systems [HEC18]. Their refractive indexes allow 

incident light to be redirected in a specific way. The refractive index of a lens 

and, in general, its optical properties are adjusted by both the lens material and 

by its geometry, such the radius of curvature [LIT05]. If a ray parallel to the axis 

of symmetry is incident on a curved surface with a radius of curvature � and a 

refractive index ��, it will be directed forward and intersect the axis of symmetry 

of the lens at the focal point � [DEM09]. See Figure 9. 
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Figure 9: Definition of the focal length in a spherically curved interface according to 
[DEM09]. 

With �� as the refractive index of air, the focal length of a lens � is obtained by 

� �  ���� ! ��" ∙ � 

where � is the curvature radius, and �� is the refractive index of the lens. 

Based on their thickness, lenses can be categorized as either thick or thin 

[DEM09]. A thin lens is an idealized model of a real lens in which the maximum 

lens thickness is very small compared to its focal length. Therefore, the mid-

plane of a thin lens is considered to be the principal plane when determining its 

focal length. In a thick lens, there are two principal planes, resulting in a front 

focal length and a back focal length [DEM09], as shown in Figure 10. 

 

Figure 10: Determining the focal length in thin and thick lenses, according to 
[DEM09]. 

As shown in Figure 10, when designing a lens system, the distance # between 

the lens and the object A and the distance % between the lens and the image 

plane B depend on the position of the lens’ principal planes. From these 

distances, the optical magnification ' achieved by a lens is given as 

' � !%# � �� ! # 
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Optical multi-lens systems 

Since the use of a single lens is typically limited by the presence of optical 

aberrations, optical systems are usually designed with lens combinations to 

achieve higher image quality [DEM09]. The combination of different lenses 

allows optical aberrations to be corrected, balanced, or minimized [SAS19]. As 

noted in the field of microscope objectives, lens design is usually challenging, 

and their design principles are limited to specialized designers in a few optical 

companies [ZHA19a]. However, certain lens systems, including zoom, 

telephoto, and telescopic lenses, have been shown to be effective in a variety 

of low complexity applications [MAL14]. Zoom lenses are an example of such 

lens systems and are commonly used in many optical applications, such as still 

cameras and smartphone cameras [BLA21]. These optical systems are known 

for their flexibility in adjusting the optical magnification and focal length at a fixed 

system length. In the simplest structure, the system consists of two biconvex 

lenses and one biconcave lens, as shown in Figure 11. The optical system can 

be designed through theoretical analysis of the paraxial imaging properties, as 

demonstrated in [CHE21]. Simply by moving the middle biconcave lens within 

the space between the two biconvex lenses, the system’s focal length, and the 

resulting optical magnification, can be adjusted within a certain range.  

 

Figure 11: Three-lens zoom lens system [MOU97]. 

In Malicevic’s experimental studies, a bi-convex lens pair with a focal length � �30 (( and a bi-concave lens with a focal length � � !100 (( were used to 

analyze the optical system. The length of the system was varied between 90 

and 150 mm, while the position of the center bi-concave lens between the two 

lenses was adjusted. This resulted in the ability to adjust the optical 

magnification between ' � 1 and  ' � 4 [S1], as shown in Figure 12. 
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Figure 12: Adjusting the optical magnification in a three-lens zoom system, according 
to [S1]. 

As shown in Figure 12, both increasing the system length as well as moving the 

middle biconcave lens between the two biconvex lenses allow the system’s 

optical magnification to be increased. Here, the upper curve is determined by 

where the biconcave lens attaches to the biconvex lens on the image side, and 

the lower curve is determined by where the biconcave lens attaches to the 

biconvex lens on the object side. 

Optical aberrations 

The performance of an optical system is usually limited by the presence of 

aberrations. In reality, a whole series of aberrations occur that limit the imaging 

quality. According to [NAK05], optical aberrations can be classified as either 

monochromatic or chromatic. The five types of monochromatic aberrations are 

as follows: 

1. Spherical aberration: caused by the fact that the lens surface is spherical  

2. Comatic aberration: a coma-like flare with a tail for a point light source off 

the optical axis 

3. Astigmatism: causes a point light source to be projected as a line or ellipse 

instead of a point 

4. Curvature of field: causes the focal plane to curve in the shape of a bowl, 

so that the periphery of the image is out of focus 
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5. Distortion: aberrations that distort the image 

The two types of chromatic aberrations are as follows: 

1. Longitudinal chromatic aberration refers to the fact that different colors 

(wavelengths of light) have different focal points. 

2. Lateral chromatic aberration refers to the fact that different colors have 

different magnification rates. 

Figure 13 illustrates the effects of these aberrations on the incoming rays from 

the object at the image plane. Further details regarding these aberrations can 

be found in the respective reference works. 
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Figure 13: Effects of aberrations on the incoming rays from an object on the image 
plane. Spherical and comatic aberration [LIN17], astigmatism [WRI17], curvature of 

field [LIN17], distortion [PAR09] and longitudinal and lateral chromatic aberration 
[GOH21]. 
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Optical simulation programs, such as ZMAX, OpTaliX, OpticStudio, and Oslo, 

play a pivotal role in lens system design and the optimization of aberrations. 

These software tools facilitate the simulation and validation of optical designs 

for specific parameters, including lens type and aperture diameter [SAS19]. 

Many computations within lens design software rely heavily on first-order ray 

tracing, encompassing tasks like determining the ideal image position and size, 

locating pupils, and establishing cardinal points. First-order ray tracing simplifies 

optical surfaces as flat but endowed with a specific optical power, allowing for 

the rapid calculation of basic optical parameters while minimizing computational 

time. In contrast, real ray tracing meticulously accounts for the actual specified 

surfaces with a high degree of accuracy [SAS19]. 

Aberrations in an optical system are, for example, evaluated by means of so-

called spot diagrams. These diagrams are generated by tracing a designated 

number of rays through the optical system to the image plane. The points where 

these rays intersect with the image plane are represented by small circles or 

squares [GUE15]. The spot diagram effectively depicts how an optical system 

responds to a point object. Optical aberrations can be mitigated through various 

means, including modifications and improvements to the lens system as 

described in [SAS19] or even through digital image processing [SHA20]. 

Figure 14 illustrates an example of how optical simulation software can be used 

to visualize the aberrations that occur in a very simple optical system consisting 

of a single biconvex lens. Figure 14a depicts a ray tracing of two field points, 

one situated on the optical axis and the other off the optical axis. In Figure 14b, 

the corresponding spot diagram displays transverse aberrations when 

defocusing the distance between the object and lens horizontally by -0.5 to 0.5 

mm and vertically adjusting the position on the image side between 0 and 5 mm 

[GRO05]. 
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Figure 14: Simulation of optical systems: (a) ray tracing of two field points and (b) the 
associated spot diagram [GRO05]. 

2.3.2 Photomasks  

Photomasks consist of a transparent substrate, typically plastic film, glass, or 

quartz, coated with a thin layer of a light-blocking material, such as chromium 

[RIZ18]. They are typically used in the semiconductor industry to transfer 

intricate patterns onto semiconductor wafers during the manufacture of 

integrated circuits (ICs) and other microelectronic devices [DON17]. This 

process is known as photolithography [GEI04]. Photomasks and light projection 

are used to transfer circuit patterns onto the wafer’s resistant film. This process 

collectively facilitates the creation of complex integrated circuit patterns, which 

serve as the foundational basis for modern electronics and technology [LEV19]. 

Sun and Hsiao used a backlit photomask to increase the accuracy of measuring 

the density of microfluidic mixtures in a technique called background-oriented 

schlieren. Their research demonstrates the advantages of using backlighting 

with small, precisely positioned and sized features to increase measurement 

accuracy [SUN14]. Figure 15 shows the use of the photomask for background 
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schlieren techniques, as well as an exemplary microscopic image of a 

photomask. 

 

Figure 15: Use of the photomask for background schlieren techniques (a), system 
design according to [SUN14], and (b) a photomask consisting of pre-defined circles 

on a black background. 

2.3.3 Image sensors  

An image sensor consists of a two-dimensional area of small pixels, where each 

pixel consists of a photodiode made of silicon [NAK05] and acts as a single 

photodiode sensor. Based on the photoelectric effect, these pixels convert the 

incident photons into an analog electrical charge. This charge is amplified and 

converted to a brightness value by a built-in circuit [DAK18]. As a pixel only 

captures the intensity of light as monochromatic image information, color 

information is recorded using a color filter array applied to the surface of the 

image sensor, allowing only light with a predefined wavelength to pass through 

to the pixel. An on-chip micro-lens array (OMA) focuses the incident light onto 

the photodiode, and it is applied directly to the surface of the color filter layer 

[NAK05]. Figure 16 shows the simplified structure of a pixel in an image sensor.  
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Figure 16: Cross-sectional view of an image sensor [NAK05]. 

Different patterns of filter arrangement, such as RGB, CFA, or Bayer, are used. 

They are distinguished by the distribution of the red, blue, and green color filters. 

After reading the image from the different pixels, the color components are 

interpolated to the whole image using special demosaicking methods, as shown 

in [GUN05]. As a result, three color matrices are generated: red, green, and 

blue. Figure 17 shows color patterns and the resulting color matrices.  

 

Figure 17: Capturing colored images using a color filter, according to [PAR22]. 

The most common image sensor technologies are charge coupled device (CCD) 

and complementary metal oxide semiconductor (CMOS). Historically, CCDs 
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have been the dominant image sensor technology. Recent advances in 

semiconductor technologies and the increasing use of image sensors in high-

volume products, such as optical mice, PC cameras, mobile phones, and high-

end digital cameras, have prompted the quest for suitable alternatives to CCDs 

[ELG05]. The architecture of CCD and CMOS sensors differs primarily in two 

aspects: the method of signal transmission and the method of signal readout. 

The structures of CCD and CMOS image sensors are illustrated in Figure 18. 

 

Figure 18: Structure and signal transmission in image sensors: CCD sensor (left) and 
CMOS sensor (right) [OHT20]. 

As can be seen in Figure 18, a CCD sensor transfers its pixel signal charges to 

the end of the output signal line and then converts them to a voltage signal using 

an amplifier. A CMOS image sensor, on the other hand, converts the signal 

charge into a voltage signal directly at each pixel before transferring them to the 

scanner. In terms of high-speed operation, the in-pixel amplification 

configuration of CMOS sensors offers superior gain bandwidth compared to the 

single amplifier on-chip configuration in CCDs. In CCD sensors, the signal 

charge is transferred simultaneously, resulting in low noise but high power 

consumption. In addition, this simultaneous transfer ensures that each pixel has 

the same accumulation time at any given time. In contrast, CMOS sensors 

convert the signal charge at each pixel and read the resulting signals row by 

row, resulting in different accumulation times for pixels in different rows at any 

given time. This is commonly referred to as the rolling shutter effect [OHT20]. 
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For high-speed applications, rolling shutter CMOS sensors present a 

disadvantage, since moving objects are affected by motion blur. In recent years, 

CMOS sensors with global electronic shutters have been developed, especially 

for industrial machine vision applications [BLA21]. Generally, the manufacturing 

techniques of CMOS sensors facilitate increasing performance in terms of 

higher frames per second, increasing sensor area, decreasing the pixel size, 

and increasing on-chip feature integration [LU22].  

2.4 Basics of Image Processing and Machine Learning 

Algorithms  

In addition to the increasing performance of CMOS image sensors, recent 

developments in image processing algorithms have contributed to the 

widespread use of camera systems in industrial applications. Many industrial 

inspection and monitoring tasks, such as feature recognition or object tracking, 

can be accomplished with simple cameras by applying a variety of image 

processing techniques and computer vision algorithms. In the field of computer 

vision, template matching is a high-level method to determine the position of a 

predefined sub image, called a template, in a whole image using different 

matching algorithms [SWA16]. The use of template matching in computer vision 

is widely extended, for example, in traffic monitoring, fault detection in 

production lines, facial recognition, and medical pattern recognition algorithms 

[JIA21].  

2.4.1 Digital image correlation (DIC) 

In the field of stress analysis in solid mechanics, high-resolution optical 

techniques – such as holographic interferometry, speckle interferometry, and 

moiré interferometry – are used to measure strains occurring under structural 

loading, for example, to determine the material flow curve. However, digital 

image correlation (DIC) as a non-interferometric technique has gained more and 

more attention in recent years due to its comparatively lower cost and easier 

measurement setup [S2].  

In the classical applications of DIC for strain measurement, the surface of an 

object of interest is prepared by applying a random speckle pattern. The pattern 

serves as an information carrier and is expected to have unique, non-periodic 
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and stable greyscale features. For this purpose, methods like spraying, spin 

coating, and lithography exist [DON17]. To avoid aliasing, a maximum speckle 

size of 3x3 pixels is desired [REU14]. Subsequently, the coordinates of the 

subset with a predefined area in the reference image are selected and then 

sought in the target image within a predefined area there. The correlation values 

for the whole search field are stored in a correlation matrix, and the coordinates 

of the highest correlation value are assigned to the new position of the searched 

subset center. Small subsets increase the risk of misclassification because the 

uniqueness decreases. However, for small subsets, the local strain excesses 

can be measured with higher resolution [YAO07]. The size of the subset and the 

search field, in particular, have a strong impact on the computation time 

[PAN06]. The following figure illustrates the principle of DIC. First, the region of 

interest – the subset – is defined by its subset center and subset size. The 

resulting square, with its corresponding pixel values, is searched in the target 

images using a correlation algorithm that moves it over the target image pixel 

by pixel and stores the resulting correlation value in a correlation matrix, as 

shown in Figure 19. A correlation value describes the similarity of the target 

image to the subset at each iteration step.  

After the last pixel shift in the target image, the position of the maximum 

correlation value is determined as the new subset position in the target image. 

Figure 19 illustrates the working principle of DIC for strain analysis. 
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Figure 19: Visualization of the working principles of DIC: (a) set-up for strain analysis 
[ZHA19b], (b) correlation process for a subset of one pixel, and (c) the resulting 

correlation matrix [LEM08]. 

Expanding the field of application of the DIC has led to the development of 

specialized algorithms designed to achieve high resolution while minimizing 

systematic errors [MIC09]. As summarized in [S2], the correlation value can be 

calculated using many algorithms, such as cross-correlation [GIA00], sum of 

least squares difference [TON05], Fast Fourier Transform (FFT) [GRE10], and 

optical flow [SUT08]. After determining the position of the best match in the 

target image, the accuracy of the new position can be increased in the resolution 

of a few subpixels. For example, Yang et al. achieved measurement resolutions 

as low as 0.01 pixels to increase the measurement resolution in dynamic testing 

of microelectromechanical systems (MEMS) [YAN06]. In [KOK15], a shift of the 

micromechanical device with a measurement accuracy within the picometer 

range could be achieved by applying optical magnification. As can be seen in 

the correlation matrix in Figure 19c, the correlation values around the max value 

can increase the measurement accuracy to the range of subpixels. One way to 

achieve this is by interpolating both the subset and the target image to the 
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required subpixel resolution and then calculating the correlation by means of the 

typical correlation algorithm [BOR17]. Since this is, however, computationally 

expensive, algorithms have been developed to optimize the search in subpixel 

increments. Most common algorithms for subpixel correlation are coarse to fine 

search algorithms [YAN06], peakfinder algorithms [HUN03], iterative spatial 

domain algorithms [BRU89], spatial gradient-based algorithms [ZHA03], 

continuum methods [CHE02], and swarm and population-based optimization 

[PIL04]. Application of the algorithm depends mainly on the demands and the 

type of application. Typical criteria include: the size of the search field, desired 

accuracy, subset size, and computing efficiency. However, the normalized 

variants of the cross-correlation and least-squares difference algorithms are 

typically more widely used due to their high robustness to variations in 

illumination [PAN09]. 

Despite the fact that DIC is presently one of the most widely used techniques in 

the field of experimental mechanics with the lowest requirements for an 

operating environment, its measurement accuracy as a non-interferometric 

method is highly dependent on the illumination conditions during the 

measurement. Variations in the illumination conditions, and thus in the quality 

of the acquired images, directly affect the measurement quality [PAN12]. 

Usually, very strong illumination is required to achieve high resolution. 

2.4.2 Convolutional neural networks  

According to [ALZ21], convolutional neural network (CNN) is the most famous 

and commonly employed algorithm in the field of machine learning. Similar to 

traditional Artificial Neural Networks (ANNs), CNN algorithms consist of neurons 

that improve their performance by learning [SAX22]. Each neuron receives input 

and performs operations, typically a scalar product followed by a nonlinear 

function, which is the basis of many ANNs. The only significant difference 

between CNNs and traditional ANNs is that CNNs are primarily used for pattern 

recognition within images. By encoding image-specific features into the 

architecture, CNNs become more adept at tackling image-based tasks, 

consequently minimizing the parameters necessary for setting up the model 

[SAX22]. A typical CNN, like other neural networks, consists of an input layer, 

an output layer, and many hidden layers: convolutional layer, pooling layer, and 

fully connected layer. Figure 20 shows the basic architecture of a CNN. 
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Figure 20: CNN network structure for image classification [ALZ21]. 

2.4.3 Decision tree algorithm 

Derived from machine learning theory, decision trees are an effective tool for 

solving classification and regression problems [XU05]. A decision tree is a 

successive splitting method that sequentially partitions samples into subsets. 

Beginning with the entire dataset, the decision tree first identifies an attribute 

and a breakpoint before splitting the samples into subsets to improve the 

homogeneity of the class label vector within the subsets [YAN15]. 

In comparison to other machine learning algorithms like neural networks, 

decision tree algorithms are interpretable and provide valuable insights into the 

functioning of the underlying system [YAN15]. Decision trees can be utilized for 

classifying discrete output variables or predicting continuous output variables in 

regression. As supervised learning models, decision trees require a training 

dataset, consisting of input variables as well as known output labels. Once 

trained, decision trees can be used to generate predictions for input data with 

unknown output values [ABS21]. Figure 21 illustrates the structure of the 

decision tree algorithm, which comprises three node types: root, decision, and 

leaf nodes. The root node serves as the starting point, while the decision nodes 

facilitate decision-making by transitioning from one node to another. The leaf 

nodes serve as outputs from decision nodes. The tree is comprised of multiple 

sub-trees, with each sub-tree consisting of decision and leaf nodes [HAF21]. 
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Figure 21: Structure of a decision tree algorithm [HAF21]. 

2.4.4 Data augmentation in regression models  

As with all deep learning algorithms, the performance of the CNN algorithm is 

determined by the amount of labeled training data [DUB19]. However, in various 

processes, the collection of images can be a costly and difficult undertaking. To 

overcome this problem, image augmentation has proved to be an effective 

method to improve the generalization capabilities of neural networks. Beyond 

basic augmentations like image rotation, translation, and flipping, generative 

adversarial networks (GANs) can be utilized for producing artificial – but 

convincingly realistic looking – fake images to augment limited training datasets 

[COR21]. Dubost et al. introduce a data augmentation strategy called Hydranet 

in which a significant increase in the size of training datasets is achieved by 
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recombining existing training samples [DUB19]. Figure 22 illustrates this 

strategy.  

 

 

Figure 22: Create virtual training images by recombining real training images. The 
real samples are shown on the left, and the new virtual samples are shown on the 

right, along with the original samples resized to fit the new image dimensions 
[DUB19]. 

As can be seen in Figure 22, by combining the first and second images, a new 

virtual image was created from the sum of both images’ labels.  
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2.5 Summary 

Integrating sensors into mechanical structures, such as machine elements, 
offers several advantages, such as enhanced sensor accessibility to otherwise 
inaccessible processing points, protection of sensitive sensor elements, and 
enhanced signal quality, without compromising mechanical functionality or 
requiring changes to the interfaces of the overall system. While numerous 
methods have been examined in integrating sensors, it is evident that integration 
ready-to-use electromechanical sensors in a form-fit and force-fit manner, for 
example, through rotary swaging, significantly facilitates the joining process and 
ultimately allows the sensory properties of the manufactured structures to be 
adjusted. Despite progress in sensor integration techniques, much attention has 
been devoted to combining established measuring methods, primarily 
electromechanical transducers, with the mechanical host structures. This often 
results in trade-offs between the requirements of the mechanical structure and 
the desired sensory properties.  

Current approaches to creating multiaxial sensor bolts demonstrate this conflict 
of interest. While externally applying strain gauge sensors does not compromise 
mechanical bolt strength, it necessitates encasing sensitive sensor films, 
altering external bolt geometry. Conversely, integrating strain gauge-based 
sensors within the bolt does not alter its outer dimensions but significantly 
reduces strength, especially when measuring bending forces in thick-walled 
structures.  

To illustrate the effect of hole diameter on structural stiffness, assume that an 
internal hole is drilled in a round machine element to insert a strain gauge-based 
sensor. The resolution of the bending force measuring will increase as the 
diameter of the hole increases. However, this will result in a decrease in both 
bending and tensile stiffness depending on the diameter of the hole. A one-side 
clamped round bar with an outer diameter of 50 mm and a length of 100 mm is 
used to illustrate this effect. In this case, applying a bending force of 100 N would 
result in a measurable strain of more than 1 µm/m only at an inner hole diameter 
of 15 mm. Figure 23 depicts the resulting increase in the bending strain and 
decrease in the tensile and bending stiffness. 
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Figure 23: Visualization of the influence of the inner hole diameter on the structure 
stiffness. 

Regarding sensor integration by rotary swaging, increasing the number of 
measurement axes leads to increased complexity in the sensor design, as Krech 
demonstrated in his dissertation [KRE20]. Furthermore, the cost and space 
requirements for the entire measurement chain increase linearly with the 
number of measurement axes. 

A review of the state of the art demonstrates that there is a growing interest in 

optical-based force/torque sensors that rely primarily on intensity changes. 

However, while these sensors offer design flexibility and cost-effectiveness, 

multiaxial sensors of this kind suffer from limited measuring resolution. In 

contrast, image-based measurement technologies, such as Digital Image 

Correlation (DIC), offer the required resolution at a lower cost and with a simpler 

setup. Developments in the semiconductor industry, particularly in the field of 

image sensors, indicate a shift towards higher performance devices at lower 

costs. Likewise, the growing utilization of camera-based feature detection in 

industrial applications and advances in image processing algorithms, such as 

Convolutional Neural Networks (CNN), are improving the accuracy of object 

detection in captured images. Furthermore, augmented data can boost model 

accuracy even further.  
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 Motivation and Objective 

3.1 Motivation 

In the age of digitalization and Industry 4.0, special attention is paid to the 

generation of data in the production environment and in mechanical structures 

in general. Sensor-integrated machine elements have proven to provide 

measurement capabilities to the point of interest in the manufacturing process 

or to accurately represent the load conditions in their structures. 

An analysis of the state-of-the-art reveals that there is a considerable need for 

multiaxial force/torque sensors with low cost and space requirements that can 

be integrated within a host structure. These requirements cannot be met with 

current well-known electromechanical force/torque transducers due to their 

complex sensor design, associated effort for the joining process, and the 

competing requirements of both high measuring resolution and high mechanical 

strength.  

Optical based multiaxial sensor concepts have been introduced as alternatives 

to conventional electromechanical sensors and have attracted special interest 

due to their low cost and design simplicity. However, their low achievable 

measuring resolution poses a challenge for their adaptation to machine 

elements and load bearing structures. In load bearing structures and machine 

elements, the resulting deformations are usually very small compared to the 

presented applications. Obtaining a comparable measurement resolution from 

strain gauge sensors would consequently require the deployment of highly 

complex optical measuring techniques, like interferometry or confocal 

measuring method. Conversely, optical measuring techniques for full field strain 

analysis, such as digital image correlation, provide high measurement resolution 

at (usually) high illumination and a large, complex, external setup.  
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3.2 Objective 

In order to enable the widespread use of sensor machine elements and load-

bearing structures, this thesis aims to contribute to the manufacture of such 

structures at low cost and with increased sensory performance with respect to 

the measuring axis and the measuring resolution. In pursuit of this objective, a 

proposed optical and image-based measurement concept facilitates multi-axial 

load measurement. It is designed to be embedded into machine elements with 

comparatively low space requirements. In addition, the possible integration of 

sensitive optical and non-contact sensor components into metallic structures will 

be investigated. The research aim can be divided into the following scientific 

sub-questions: 

1. How can an optical non-contact measurement concept be designed to 

measure multiaxial loads within load-bearing structures and machine 

elements, while offering comparable measuring resolution to strain 

gauge-based sensors, and with a simple system design compared to 

high-resolution optical techniques such as interferometry? 

2. What are the resulting design parameters, and can the sensor properties 

be configurated? 

3. What are the requirements for integrating optical non-contact sensors into 

mechanical structures, and how can a process design for joining by rotary 

swaging meet these requirements? 

3.3 Procedure 

To answer these sub-questions, Chapter 4 presents an optical image-based 

measuring concept for multiaxial and high-resolution measurement of the 

resulting structural deformation under load. An analytical description of the 

sensor behavior under multiaxial loads is provided, outlining the correlations 

between the various load components and the resulting displacements between 

two measuring planes within the structure. Furthermore, design parameters for 

establishing the desired measurement resolution and a comprehensive strategy 

for sensor configuration are presented and an overview of the possible 

approaches to processing captured images and determining the occurring 
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structural displacements is provided. Chapter 5 provides extensive validation of 

the findings from chapter 4 on various prototypes. Firstly, the capability of 

multiaxial load detection from single image acquisition is demonstrated. After 

that, different AI-based strategies for characterizing the sensor system’s 

behavior are investigated and compared. In chapter 6, the sensor validation is 

performed in two stiff machine elements, as examples of possible industrial 

applications, by integrating the sensors into the bending roll of a roll forming 

machine and into the guidance column of a blanking tool.  

In chapter 7, the sensor’s integration into tubular structures by rotary swaging is 

discussed. A novel process design for the damage-free integration of optical 

elements with high positioning accuracy is presented, and the experimental 

results that have been obtained are discussed. Chapter 8 concludes with a 

summary and a discussion of future works.
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  Image-Based Multiaxial Measuring of Structural 

Deformations 

4.1 Sensor Design 

Taking image-based measurements to measure the load-induced elastic 

deformation of a metallic structure can be achieved by measuring the resulting 

displacement between two planes within the structure at a specific measuring 

distance +, to each other. This can be achieved by placing an object in one 

plane and an image sensor in the other plane. During the elastic structure 

deformation under load, relative displacements between these two planes occur 

according to the load direction and can be captured by the built-in image sensor. 

Subsequent processing of the image determines the magnitude and direction of 

load-induced displacements in the captured images. Figure 24 shows the basic 

principle of optical image-based detection of plane displacement within a host 

structure. 

 

Figure 24: Schematic of optical image-based multiaxial load detection within a hollow 
structure (left) and visualized plane displacements in (∆., ∆0, and 12). 

As shown in Figure 24, it is possible to measure the relative displacements 

between two measurement planes caused by the applied load component in the 

different axes of motion. The relationship between the applied load components 

and the resulting displacements can be expressed as follows: 
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where < represents the calibrating coefficients. It is assumed in a simplified 

manner that a linear relationship exists between bending moments and bending 

forces. Thus equation (1) becomes 
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(2) 

 

where +, is the axial distance between the two measuring planes. 

Object pattern design 

The dimensions and contrast of the features within the captured images have a 

significant impact on the ability to obtain higher resolution measurements of 

displacements based on Digital Image Correlation (DIC). When the feature 

generation of three state-of-the-art methods – airbrush, spin coating, and 

photomask – are compared, it is clear that the photomask variants offer a distinct 

advantage. See Figure 25. 
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Figure 25: Comparison of the feature contrast achieved by the methods of spin 
coating, airbrush, and back-illuminated photomask patterning [S3]. 

In Figure 25 (left), sections of patterned areas created by spin-coating, 

airbrushing, and a back-illuminated photomask are displayed. In Figure 25  

(right), grayscale representations of specific regions are visualized with a size 

of approximately 60 x 60 µm for each pattern. The patterns created by 

airbrushing and spin coating exhibit random feature distributions that can only 

be imprecisely influenced. Ultimately, these methods yield random patterns that 

are particularly suitable for full-field investigations. Lithography, on the other 

hand, allows the creation of several patterns on a photomask with specific 

geometry and spacing. Due to these advantages, the photomask is used to 

create specifically sketched and high-contrast patterns.  
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In-plane and out-of-plane displacements 

The load induced relative displacements between the measuring planes can be 

divided into in-plane and out-of-plane displacements. In-plane displacements ∆2, ∆0, and 1. (see Figure 24) are caused by bending or torsional loads and can 

be easily detected by aligning the image sensor and the object in parallel. 

However, to detect out-of-plane displacement component ∆., caused by axial 

load, an extended optical system is necessary. As shown in [O3], employing a 

specialized configuration involving two mirrors, similar to a periscope design, 

enables out-of-plane displacements to be converted into in-plane 

displacements. As a result, the placement of two mirrors at an angle of 45 

degrees to each other will change the lateral position of the reflected image in 

response to changes in the distance between the two measurement planes 

under an axial load.  

Figure 26 illustrates the overall design of such an optical image-based sensor 

utilizing a back-illuminated photomask and two mirrors. 

 

 

Figure 26: Schematic illustration of the optical image-based multiaxial structure-
integrated load measurement [O3]. 

As can be seen in Figure 26, two carrier discs are inserted and fixed inside the 

hollow structure at a specific distance to each other, standing for the 

measurement planes. On the right disc, two stage back-illuminated photomasks 

are attached, projecting their pattern in two light beams. While the first beam 

directly enters the lens of the built-in image sensor, the second beam is reflected 

twice by the built-in mirrors. The area of the image sensor is thus divided into 

two parts. One part captures the pattern in the direct beam with the information 
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about in-plane displacements, and the second part captures the mirrored beam 

with information about out-of-plane displacements. To ensure the same focus 

for both image parts, the photomask of the mirrored pattern is placed closer to 

the image sensor, compensating for the extended path length of the reflection. 

To uniquely distinguish between the translational displacements ∆2, ∆0, and ∆. 

and between the rotational displacement 1., the pattern on both photomasks 

needs to have at least two evaluation points. In the captured images, the 

displacements are calculated at four evaluation points @�AB with a specific area 

and in a specific area of possible displacement. Figure 27 demonstrates the 

projection of two-point patterns onto the image sensor surface for each of the 

two photomasks. 

 

Figure 27: Visualization of the photomasks’ pattern projection onto the image sensor 
where the pattern has only two points. 

As shown in Figure 27, the evaluation points  @�AB can be considered as circular 

transparent areas within the non-transparent black foil. During image 

processing, the relative displacements between the two measuring planes will 

be determined by detecting the position change of evaluation points within an 

expected range of displacement (the search field). The intersection line of the 

two light beams is shown as a border line. 
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4.2 System Behavior Under Load 

When the host structure is loaded with only bending forces �CD, the amplitude 

and direction of the resulting deflection E⃗CD can be determined by the 

displacements ∆@� and ∆@�, which are equal in magnitude and direction. For a 

torsional load 'F, the angle of twist G~'F is calculated from the unequal 

displacement as the angle between the two vectors, connecting @� and @�, 

before and after the displacement. The two vectors connecting the points @� and @� before and after the rotational displacements are calculated as follows: 

 I⃗� �  @�_6 ! @�_6@�_7 ! @�_7" 

I⃗� �  (@�_6 � ∆@�_6) ! (@�_6 � ∆@�_6)(@�_7 � ∆@�_7) ! (@�_7 � ∆@�_7)" 

(3) 

where @M_6 and @M_7 are the x- and y-components of the initial positions of @� and @�, and ∆@M_6 and ∆@M_7 are the x- and y-components of each displacement, 

respectively. 

The angle of twist G~'F is then given by the dot and cross product of two vectors 

as follows: 

 G � arccos S I⃗� ⋅ I⃗�|I⃗�| × |I⃗�|W 
(4) 

With a known angle of twist G and center of rotation coordinate X⃗YZ_[, the 

translational component of the displacement E⃗67 can be calculated in case of 

combined bending and torsional load (see Figure 29) using the following 

equation: 

 E⃗CD,\ � X⃗\ � ∆@=⃗ \ ! X⃗YZ_[ !  X]^(G) !^_�(G)^_�(G) X]^(G) " `X⃗\ ! X⃗YZ_[a, i � 1,2 
(5) 

Where X⃗\ is the corresponding initial position and ∆@=⃗ \ is the detected relative 

displacement of the evaluation point @\. The deflections E⃗67,� and E⃗67,� are 

subsequently averaged to E⃗67 and then separated into E6 and E7.  

Alternatively, the translational displacement of the center of rotation can be 

calculated by applying the barycentric coordinates [SZC19]. For this purpose, 

three evaluation points are required to create a triangle enclosing the center of 

rotation. Furthermore, a mere compression or elongation of the structure due to 

an axial load �8 results in a change of the measuring span +, ∓ ∆+,, which is 
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translated into the equally radial displacements ∆@e and ∆@B. However, crosstalk 

occurs on the mirrored light beam both during bending and torsional loads. 

Figure 28 illustrates the system behavior under these loads. 

 

Figure 28: Visualization of the crosstalk behavior of in-plane displacements G and  E⃗67 on the out-of-plane displacements ∆@e,B [O3]. 

While a mere compression or elongation of the structure due to an axial load �8 

does not result in crosstalk on the evaluation points @1,2 (Figure 28a), the angle 

of twist G appears doubled in the mirrored image because of the rotation 

between pattern 1 and mirror 1 and between mirror 1 and mirror 2 (Figure 28b). 

These two displacement types (between pattern 1 and mirror 1 and between the 

two mirrors) cause, in the case of structure deflection under bending force �CD, 
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double displacements on the mirrored image segment (∆@e,B � 2∆@�,�) if the 

induced deflection is perpendicular to the border line (Figure 28c). 

The illustrated displacement at the mirrored image segment 2δD caused by �D in 

Figure 28c is considered an ideal scenario, as the border line, whose orientation 

on the image sensor’s surface is defined by the rotation of the mirrors around 

the z-axis, is perfectly parallel to the system x-axis. However, this cannot be 

ensured due to the deviations expected during sensor assembly. For this 

reason, it will be further considered that the border line is rotated at an angle ∅ 

to the 2-axis of the image sensor. Figure 29 illustrates the influence of an 

inclined border line between the two beams on the determination of the crosstalk 

behavior.  

 

Figure 29: Influence of an inclined border line between the two beams on the 
determination of the crosstalk behavior [O3]. 

The displacement at the points @�,� in the direct image segment results from a 

translation component E⃗67 and a rotational component determined by the angle 

of twist G. The translation component E⃗67 of the displacement can be easily 

determined in this case by applying equations (3)!(5). However, determining 

the displacement component ∆+⃗, requires, besides known in-plane-

displacements E⃗67 and G, a known orientation of the border line or the angle by 
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which it is twisted from the ideal parallel alignment to the 2-coordinate of the 

image sensor (see Figure 29). Therefore, the border line coordinate system 2h !0h is used, which is rotated at an angle ∅ to the coordinate system 2 ! 0. The 

coordinate transformation matrix �(∅) is calculated as follows: 

 

After calculating both in-plane translational and rotatory displacements, the 

displacement of the structure caused by axial load ∆+(==⃗  can be determined by 

known center of rotation of the mirrored image segment X⃗YZ_i as a function of 

the angle ∅ as follows: 

 ∆+,====⃗ � �(∅) ∙ SX⃗e,B � ∆@=⃗e,B ! X⃗YZ_j !  cos(2G) !^_�(2G)^_�(2G) cos(2G) "
∙ `X⃗e,B ! X⃗YZ_iaW ! (1 2) ∙ �(∅) ∙ E⃗67 

(7) 

 

where ∆@=⃗e,B is the displacement detected at the points @e and  @B, and X⃗e,B are 

their initial positions. 

Here, the effect of crosstalk in the angle of twist G is first eliminated from the 

displacement ∆@=⃗e,B by coordinate transformation with 2G. Then a second 

coordinate transformation is performed on the border line coordinate system 

with the angle ∅ of the intermediate result together with the translational in-plane 

displacements E⃗67, doubling the 0h-component.  

The angle ∅ can be determined by means of a strictly uniaxial bending load (�6 

or �7), which leads to a one-dimensional displacement on the direct image 

segment (∆@�and ∆@�) and a two-dimensional displacement on the mirrored 

image segment (∆@e,B). The angle ∅ can then be calculated as 

 ∅ � arctan S∆@e,B_0∆@e,B_2W 
(8) 

After calculating the displacement components, the relationship between acting 

loads and plane displacements, generally defined in equation (1), is as follows: 

 �(∅) �  cos (∅) ^_�(∅)!sin (∅) X]^(∅)" 
(6) 
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4.3 Measuring Resolution and Measuring Range 

One of the main goals of the developed sensor concept is to achieve an 

acceptable measuring resolution, defined as the smallest measurable plane 

displacement resulting from the applied loads on the host structure. The four 

main parameters to increase the measuring resolution in an optical image-based 

sensor are: 

1. Measuring length +,: Higher measuring length allows for higher deflection E67 

under bending load �67, a higher angle of twist G under torsional load M8, as 

well as a larger strain ∆+, between the two measuring planes under axial load �8. The measuring resolution of all these displacements depends directly on the 

measuring length +,.  

2. Optical magnification ': Higher optical magnification ' allows the size of a 

captured object to be enlarged and resolved onto a larger area of pixels on the 

image sensor, so that small displacements are magnified by the power '. 

3. Pixel size: Smaller pixel size allows small pattern displacement to be 

captured. However, this is a product feature of the image sensor used. 

4. Degree of subpixel registration ^n: Higher super-pixel registration when 

determining displacements using digital image correlation algorithms allows for 

the detection of subpixel displacements. 

The influence of these parameters will be discussed in the following sections. 

4.3.1 Measuring resolution 

In order to assess the correlation between measurement length and 

measurement resolution, a reference is made to the well-established 

measurement resolution of strain gauge-based sensors, which is approximately 

1 µm/m [KEI17]. This correlation will be demonstrated using a host structure 
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where the load-induced local strains and resulting plane displacement are 

calculated. 

The host structure is assumed to be a one-sided clamped hollow tube of length +, outer diameter o, and inner diameter p. It will be assumed that the occurring 

local strains are measured by strain gauge films within the structure at the 

diameter p. The occurring displacements are evaluated at two measuring planes 

placed at the two ends of the structure. See Figure 30. 

 

Figure 30: A one-sided clamped hollow tube for detection of local strains and relative 
plane displacements under different load components 

Loading the tube with bending forces �67, axial force �8, and torque '8 results 

in the bending strain qr, the normal strain qs, and the torsional shear strain qt 

respectively.  

With the normal strain components qs as a function of the resulting axial load �8 

 qs � uv � �8v w 
(10) 

where u is the normal stress under axial load �8, v is the Young's modulus of 

the material, and w is the cross-sectional area of the hollow tube. The resulting 

length changing ∆+ under this axial load can be given as a function of the normal 

strain as follows: 

 ∆+ � �8+v w 
(11) 

In the case of bending load �67, the maximum bending strain at the clamping on 

the outer surface is given as 
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 qr � urv � �67 ∙ +xr ∙ v 
(12) 

 

with qr,y as the resulting bending strain at the inner diameter p as follows: 

 qr,y � qr po � �67 ∙ +xr ∙ v po 
(13) 

And the bending section modulus 

 xr � z(oB ! pB)32o  
(14) 

The resulting deflection of the tube at the free end under this bending load is 

given as  
 E67 � �67+e

3v{67 (15) 

The product moment of area {67 is given as 

 {67 � z(oB ! pB)64  
(16) 

When measuring torsional strain with strain gauge sensors that are usually 

rotated 45°, the measured strain qt,y is equal to half the shear [MES23]: 

 qt,y � |2 ∙ po � '8xn ∙ } ∙ po 
(17) 

where } is the shear modulus and xn is the torsional section modulus as follows: 

 xn � z(oB ! pB)16o  
(18) 

The resulting arc length #~X of the angle of twist G at the inner diameter p is 

given as 

 #~X � G ∙ p2 � '8 ∙ +} ∙ {� ∙ p2 
(19) 

where the torsion constant for the section {� is 

{� � z(oB ! pB)32  

Solving the equations to determine the resulting displacements between the two 

measuring planes as a function of the strain components yields the following: 

 

 ∆+ � +qs (20) 

 E67 � 13 qr,y+� xr{67 � 23 +�
p qr,y 

(21) 
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 #~X � 2 +qt,y (22) 

The equations (20), (21), and (22) show that, for normal and torsional strain, the 

resulting displacement increases linearly with the measuring length. In this case, 

the resulting deflection under the bending load increases quadratically to the 

measuring length and decreases linearly as the inner diameter of the tube 

increases.   

Assuming an optical system with an optical magnification ' and a subpixel 

registration ^n in the image-based displacement measurement, the measuring 

resolution ^ is determined as follows: 

 ^ � ^n' ∙ �_2�+ ^_.� (23) 

where ^n is the subpixel registration achieved by the coarse-fine algorithm and 

is defined as follows: 

where ̂ n � 0.01 pixels is the lowest achievable subpixel registration yet reported 

[YAN06]. 

Figure 31 demonstrates how the measuring resolution of an image-based 

deflection sensor can be increased by optical magnification and subpixel 

registration. 

 

 

 ^n � 12� , � � 1, 2, . ..  (24) 
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Figure 31: Visualization of the measuring resolution in image-based displacement 
measuring. 

As can be seen in Figure 31, a displacement that is one pixel long will increase 

to be 5 pixels long by optical magnification. Subpixel registration, on the other 

side, plays a significant role in further increasing the desired measurement 

resolution, in addition to the influence of the measuring length. 

Assuming a measuring resolution for the strain gauge sensors of q � 1 µii , a 

common pixel size of 1.3 µm, a subpixel registration of ^n � 0.125 and an optical 

magnification of ' � 4, the smallest detectable change using an image-based 

displacement sensor is ^ � 0.040625 µm. 
Using these values for optical magnification and subpixel registration, the 

required measurement length of the image-based sensor system to match the 

measurement resolution of the reference strain gage sensor, q � 1 µii , can be 

determined. Next, the displacement components (∆+ and #~X) in equations (20) 

and (22) are assigned to ^ � 0.040625 µm and the equations are then solved to 

determine +. 
+ � ∆+qs ≅ 40 mm 

 

+ � #~X2 ∙  qt,y ≅ 20 mm  

As shown above, the required measurement length for the image-based sensor 

to match the measurement resolution of a strain-gauge sensor is 40 mm for axial 
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load and 20 mm for torsional load cases. The measuring resolution can be 

significantly increased through optical magnification, and the achievable 

subpixel registration can likewise be improved by the processing algorithm. 

However, higher optical magnification usually leads to changing the whole 

system, including the resulting measuring length. As can be seen in Figure 12, 

increasing the optical magnification from ' � 2 to ' � 3 requires increasing the 

distance between the lenses from 100 mm to 120 mm. Moreover, in basic lens 

systems like the three-lens zoom system, a higher optical gain results in higher 

aberration. This subsequently causes a decrease in feature contrast, which 

limits the attainable subpixel registration, as discussed in [ZHA19b] and 

[SCU21]. Figure 32 shows how the feature contrast decreases when the optical 

magnification is increased from ' � 1 to ' � 3 in three steps. Here, the pattern 

contrast is visually evaluated by the 3D grayscale curve. It can be seen, that 

optimal contrast and, consequently, pattern sharpness is most pronounced at 

an optical gain of ' � 1. As optical magnification increases, contrast and feature 

sharpness diminish.  
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Figure 32: Deterioration of pattern imaging sharpness caused by increasing the 
optical magnification 

4.3.2 Measuring range  

In the image-based deflection sensor, the measuring range is determined by the 

maximum detectable displacements, which depend on several factors, including 

the measuring length +,, optical magnification ', and the imaging area of the 

image sensor. Force/torque sensors often present a trade-off between 

achieving high measurement resolution and setting a larger measurement 

range. However, the high sensitivity of the axial force measurement to bending 

loads and measuring length is particular characteristic of the presented sensor 

design. As can be seen in equations (20), (21), and (22), the structural deflection E67 under a bending load increases quadratically with the measuring length, 

while torsion and axial load exhibit a linear increase. Due to bending crosstalk 

on a measured axial load, shown in Figure 28 and equation (7), a significant 

challenge arises from the potential for a bending load to cause the mirrored 
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beam to shift outside of the sensor surface. Assuming a square shaped image 

sensor area w� with a length and width of �w�, an optical magnification ', and 

a photomask pattern located at the center of each point segment in the unloaded 

case, Figure 33 demonstrates the correlation between sensor area, optical 

magnification, maximum deflection under bending load E67,,�6, and maximum 

elongation under axial load ∆+,,,�6. 

 

Figure 33: Displacement measuring range as a function of sensor area, optical gain, 
and maximum structure elongation and deflection under load. 

As can be seen in Figure 33, the image sensor area w is reduced by the optical 

magnification to ���� . Considering that the sensor area is divided into two equal 

parts (one for the direct beam and the other for the reflected beam), with the 

photomask pattern positioned in the center of each part, a ���B�  displacement 

range is achieved in both directions. In addition, it can be seen that an in-plane 

displacement of E67,,�6 of the feature points @�,�, perpendicular to the border 

line, results in a 2E67,,�6 shift of the points @e,B in the reflected image segment, 

which significantly limits the axial force measurement range. For a given image 

sensor area w�, the maximum achievable optical magnification is determined as 

follows: 

 

' � �w�8(E67,,�6�∆+,,,�6) 
(25) 



Image-Based Multiaxial Measuring of Structural Deformations 

55 

4.4 Procedure for Sensor Configuration  

Multiaxial measuring of the relative displacements of two measurement planes 

in a host structure by means of the presented sensor design, as shown in Figure 

26, poses a challenge both in terms of the configuration of the sensory 

properties and the resulting requirement for positionally accurate alignment of 

the two sensor parts to each other.  

Two primary challenges emerge when configuring the sensors: 

1. Setting an appropriate measurement length: Increasing the measurement 

length allows for higher resolution of the displacement measurements but 

reduces the measurement range for axial force.  

2. Setting an appropriate optical magnification: Optical magnification is a crucial 

design parameter for enhancing measurement resolution. However, it also 

results in reducing the measurement range and increasing imaging aberrations, 

thereby reducing the achievable degree of subpixel registration by decreasing 

feature sharpness. Furthermore, adjusting the optical magnification usually 

requires changing the system length, as shown in the three-lens zoom system 

in Figure 12. 

The sensor design process must, therefore, iteratively adjust the measuring 

length and the optical magnification while simultaneously evaluating the 

resulting pattern sharpness. Figure 34 shows an iterative design procedure for 

the sensor system, simplified to focus on two key design parameters: 

measurement length and optical magnification. 
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Figure 34: Iterative setting of the optical magnification and measuring length in the 
sensor design. 

In the exemplary iterative design procedure presented in Figure 34, a specified 

measuring range based on the maximum displacements E67,,�6 and ∆+,,,�6 is 

initially assumed, and the measuring length is set. If the resulting deflection E67,,�6 is too high to achieve the desired measuring range for the axial force, 

the measuring length is reduced. The optical magnification is then given an initial 

setting, and optical simulation is performed to determine the required lenses and 

their arrangement. If the overall system exceeds the set measurement length, 

the optical magnification is decreased. Once the optimal system is established, 

the resulting pattern sharpness is evaluated as a measure of the achievable 

subpixel registration.  
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4.5 Image Processing 

An important feature of the image-based sensor is image processing. There are 

three primary goals for the sensor’s image processing: 

1. Increasing the achievable measurement resolution by filtering out or 

compensating for optical aberrations  

2. Accurately assigning the detected displacement to the applied load 

components 

3. Reducing processing time and required computing power 

The first requirement is driven by the previously discussed conflict of interest 

between increasing optical magnification and the resulting reduction in pattern 

sharpness. The second requirement focuses mainly on the case of multiaxial 

loads and the accuracy of an exact assignment of the detected displacements 

to the load components causing them. For this task, the analytical methods 

detailed in section 4.2 will be employed, and deviations in the system’s behavior 

must be compensated by the processing algorithm. The third requirement stems 

from the fact that force/torque sensor technology produces a time-series signal 

and, consequently, does not present any real-time monitoring problems. 

However, an image-based measurement sensor must process a vast matrix of 

pixel data before converting them into time-series signals. Therefore, the 

emphasis is on the required processing time and computational power.  

4.5.1 Image pre-processing  

As shown in Figure 32, the desired increase in optical magnification leads to a 

significant decrease in pattern sharpness and thus a decrease in the achievable 

measuring resolution. However, since the captured images comprise three color 

channels, while only grayscale values are used to determine the resulting 

displacement, the color channel, which is less affected by chromatic aberration, 

shows a clear enhancement compared to converted to black and white images. 

Figure 35 shows the feature sharpness for the optical magnification ' � 2 in 

Figure 32 evaluated visually by the 3D grayscale curve.   
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Figure 35: Resulting feature sharpness in the color channels. 

As shown in Figure 35, the 3D grayscale curves show certain differences 

compared to the three color channels. Here, the green color channel shows the 

best feature sharpness while the red color channel shows a non-circular feature 

shape due to lateral chromatic aberration. When the RGB image is converted 

into a gray image, the color dependent aberration affects the image quality. For 

the exemplary case in Figure 35, the green image color will be rather used for 

determining the feature displacement.  

4.5.2 Digital image correlation 

As shown in subsection 2.4.1 digital image correlation can be achieved using 

various correlation algorithms. For high-resolution position detection of a non-

deformable and non-rotating pattern on an image with nearly constant 

illumination, the main influencing parameters are defined as subset size, search 

field, and degree of subpixel registration (see Figure 36a). Investigations by 

Winter have shown that the Normalized Cross Correlation (NCC) and the 

Normalized Sum Square Difference (NSSD) with full pixel shift are particularly 
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suitable with respect to the achievable accuracy and the required computation 

time. However, both algorithms depend highly on the subset size and the search 

field. Figure 36b shows the required computation time as a function of the subset 

size, and Figure 36c shows the case of a constant subset size of 40 pixels as a 

function of the search field size. Once the full pixel displacement has been 

determined, coarse-to-fine correlation algorithms have proven to be the most 

appropriate to improve the correlation results in the fine subpixel accuracy [S2]. 

However, the computational time of this algorithm depends largely on the subset 

size and the degree of subpixel registration. Figure 36d shows a logarithmic plot 

of the computation time as a function of the degree of subpixel registration for 

two subset sizes of 8 and 40 pixels. 

 

 

Figure 36: Key parameters for DIC and required processing time. (a) Visualization of 
the parameters and processing time for the two DIC algorithms NCC and NSSD; (b) 
as a function of the subset size; and (c) as a function of the search field size; (d) a 
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logarithmic curve of the processing time as a function of the subpixel size according 
to [S2]. 

As shown in Figure 36b and c, the increase in required processing time is almost 

square with increases in the subset size and exponentially with increases in the 

size of the search field. In both cases, the normalized sum-square-difference 

algorithm (NSSD) increases more significantly than the normalized cross-

correlation (NCC). The logarithmic graph of the required processing time as a 

function of subpixel resolution in Figure 36d shows that the processing time 

increases significantly with the higher subpixel resolution and less so with the 

subset size. 

For a search field of 70 pixels, the NCC algorithm requires a computation time 

of 0.7 seconds for a 40-pixel subset. If a subpixel registration of 0.1 pixels is 

adjusted, an additional computational time of 0.1 seconds will be required for 

the coarse-to-fine algorithm. The used notebook has a 2.4 GHz Intel Core 2 Duo 

processor and 4 GB 1067 MHz DDR3 RAM [S2]. 

4.5.3 CNN-based displacement computation 

As can be seen above, the pixel-wise subset matching and comparison of the 

correlation values for each iteration allows the analytically operating algorithms 

of DIC to achieve high accuracy. Furthermore, the resolution of the 

displacement measurement can be significantly increased by subpixel 

registration. However, its main drawback is the computational time required. An 

approach to reduce the computational time for displacement calculations while 

maintaining the accuracy of DIC is to use convolutional neutral networks (CNN). 

In this approach, a CNN algorithm is trained on the displacements computed by 

the DIC and used to predict displacements in the same manner as the DIC. For 

the use case of multiaxial sensor load-bearing structures and machine 

elements, creating a large amount of training data is quite a challenge. In the 

term of investigation by Zhang et al. [S4], a CNN network is designed to be 

trained with only 72 images acquired under different load conditions with 

different degrees of displacement. The resulting displacements in the training 

data are evaluated using the DIC algorithm to a subpixel registration of 0.1 

pixels. Since CNNs have good performance in classification tasks, the 
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considered problem is reduced to a classification problem of numbers between 

0 and 10.  

To reduce the complexity of the model, the CNN is divided into three sub-models 

or displacement determination levels, each with 10 classes, based on the 

approach of Ma et al. [MA21]. The first level, F-CNN, determines the 

displacements in the tens scale. The second level, S-CNN, determines 

displacements in the single digits, and the third level, T-CNN, determines 

displacements in the decimal digits. The output of the three sub-models is then 

calculated to the determined displacement. See Figure 37. 

 

Figure 37: CNN network structure for determining displacements by number positions 
in the decimal number system according to [MA21] and [S4]. 

As can be seen in Figure 37, the input to the network is an image subset that 

contains the pattern and a search field for the possible displacement area. 

Furthermore, considering the relatively low amount of training data, the 

algorithm is designed to determine displacements in only one direction. This 

allows the creation of a network that provides high accuracy with a small amount 

of training data and with low model complexity. To determine displacements in 

all four directions, each image is rotated by 0°, 90°, 180°, and 270°, and the 

displacement is calculated each time and assigned to the axis depending on the 

angle of rotation. Figure 38 visualizes this procedure. 
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Figure 38: Displacement determination process according to [MA21]. 

Since the number of convolutional and fully connected layers determines the 

complexity of the network and, thus, the required training data and prediction 

time, the focus was on keeping these layers as small as possible while 

maintaining the required accuracy. The created CNN model consists of three 

basic units and three fully connected layers. Each basic unit consists of two 

convolutional layers, each with a 5x5 pixel kernel size. The first basic unit uses 

16 kernels, the second uses 32 kernels, and the third uses 64 kernels [S4]. 

Figure 39 shows the achieved prediction accuracy of the three sub-models and 

the required prediction time cost as functions of the number of fully connected 

layers. 
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Figure 39: Prediction accuracy and time cost as functions of the number of fully 
connected layers according to [S4]. 

As shown in Figure 39, the sub-models have different degrees of prediction 

accuracy with respect to the number of layers. In the case of three fully 

connected layers, the F-CNN shows the best prediction accuracy of about 96%, 

followed by the S-CNN with 86.8% and the T-CNN with 79.45% accuracy.  

A significant advantage in computational time can be observed compared to the 

DIC algorithm. The computational time of DIC algorithms is dependent on the 

subset size, which does not affect the CNN model. However, a subset size of 

40 pixels and a search field of 70 pixels, along with a subpixel registration of 0.1 

pixels, will require a computational time of 0.8 seconds for the DIC algorithm. In 

contrast, the CNN model only requires less than 0.2 seconds of computational 

time. 
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 Validation of the Sensory Properties 

After presenting the sensor, analytically deriving its behavior, and discussing the 

set parameters for the measurement resolution, as well as the algorithms for 

determining displacements from the acquired images, this chapter deals with 

the experimental validation of the sensory properties. 

5.1 Multiaxial Load Determination 

As a proof of concept for multiaxial load measuring, a sensor prototype is 

designed to measure the displacement caused by multiaxial loads applied to a 

hollow tube in between two parallel measuring planes.  

5.1.1 Test setup and sensor assembly 

The two parts of the sensor are bolted to two rigid flanges to ensure no 

deformation or relative displacement between the sensor parts and their 

carrying flanges. In a designed test bench, the host structure with the built-in 

sensor is mounted on a multiaxial strain gauge-based sensor from HBM (HBM: 

K-MCS10-025) on one side. On the other side, axial force, bending force, and 

torque are applied, causing elastic deformation of the host structure and, thus, 

relative motion between the two sensor planes, which is than captured by the 

built-in image sensor. The sensor components are combined using 3D-printed 

parts and inserted into tubes with external threads. These tubes are then 

screwed into the flanges, see Figure 40. 
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Figure 40: Evaluating the multiaxial load detection: (a) test bench design and (b) 
sensor prototype [O3]. 

To minimize optical aberrations and to sufficiently focus the pattern points @�AB 

at the maximum expected strain or compression of the structure of ∆+ �∓ 0.0258 mm at �8  �  � 10 kN, a symmetric lens system is designed to provide 

an optical magnification of ' �  !1 and a best focus range of [-0.248 mm, 0.252 

mm]. The photomask patterns are, therefore, imaged 1:1 on an image sensor 

(Omnivision OV5647) of 3673.6 μm x 2738.4 μm with a pixel size of 1.4 μm x 

1.4 μm. Image acquisition is performed using a Raspberry Pi device. The 

photomask used is from JD PHOTO DATA and has a point diameter of 5 µm. 

Given that the feature has a diameter of only 5 µm ~ 7 pixels, a subset size of 

10 pixels is established around the center of each pattern. Further, based on a 
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maximum expected deflection of 0.16 mm under the maximum bending force �67 � 2<�, the search field is set to be 100 pixels, as illustrated in Figure 41.  

 

Figure 41: Photomask design [O3] 

As presented in section 4.2, the initial step in characterizing the displacement 

involves the determination of the rotation centers for both the direct image 

segment X⃗YZ_[ and the mirrored image segment X⃗YZ_i. These centers of rotation 

are determined by calculating the intersection points of two linear functions, 

defined by the positions of each pattern before and after a rotation induced by 

torsional loading. Subsequently, the uniaxial loads (�C, �D, ��, '�) and then 

multiaxial loads (�C � �D � �� � '�) are manually applied within the defined 

loading limits of the structure �C and �D between ±250 N, '� between ± 65 Nm, 

and �� between ±3 kN. The loads are therefore incrementally increased and 

decreased. The measured displacement components (G, E6, E7, and Δ+,) are 

calculated according to equations (3)!(5). In this case, no crosstalk behavior 

occurs, and the displacement on the mirrored image segment is simply 

determined. The displacement components are then compared with the 

analytically expected reference values, which are calculated from the tube 

geometry and the reference loads measured by the strain gauge sensor.  

5.1.2 Results for uniaxial loading 

Figure 42 presents the achieved results for uniaxial loads (�6 , �7, �8, '8). 
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Figure 42: Results of uniaxial loading test [O3] 

As shown in Figure 42, the deflections E6,and  E7, the twist angle G, and the 

length change Δ+, determined by the image-based sensor show a very good 

and linear correlation with the reference values.  

5.1.3 Determining the crosstalk behavior  

Before applying and recording multiaxial loads, the crosstalk behavior of in-

plane displacements E67 and G to out-of-plane displacement Δ+, must be 

determined according to equations (6) and (7), as explained in 4.2. First the 

angle ∅, by which the mirrored beam is twisted with respect to the image sensor 

coordinate system, is determined by uniaxial loading of the structure with �6 and 
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�7, respectively, as depicted in Figure 43a. Based on the displacement caused 

both in the direct and mirrored image beams, the angle of rotation between both 

coordinate systems is determined. Afterwards, biaxial bending loads �67 are 

applied, and the resulting displacement of ∆@e,B at the mirrored image segment 

is transformed into the border line coordinate system (2h ! 0h) based on the 

determined angle ∅. Then, the correlations between the resulting in-plane 

displacement components (E6 and E7) and the displacement components ∆@e,B_2h and ∆@e,B_0h at the mirrored image segment are determined after 

transformation to the coordinate system with ∅, as shown in Figure 43b and 43c. 

For the torsional load, the crosstalk between the direct and the mirrored image 

segments is investigated by determining the resulting angles of twist of both 

image segments. Figure 43d shows the resulting correlation between the twist 

angle G and the corresponding rotation of the mirrored image segment.  
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Figure 43: Characterization of the crosstalk behavior: a) determined angle ∅ of the 
border line; b) determined crosstalk between E6 and @e,B_2h for uniaxial (�6) and biaxial 

(�67) loading; c) determined crosstalk between E7 and @e,B_0h for uniaxial (�7) and 
biaxial (�67) loading; d) crosstalk of the twist angle G on the mirrored image segment 

[O3]. 

As can be seen in Figure 43a, the border line between the mirrored and direct 
image segments is rotated by ∅ � 40.7° towards the 2 !axis of the image 
sensor. The calculated angle of rotation seems to be very accurate, as can be 
seen in the good correlation between the displacement ∆@e,B along the 2h- and 0h-axes and the deflections EC and ED, respectively, for both uniaxial und biaxial 
loading. The slopes of the determined regression models in Figure 43b, 43c, 
and 43d are, however, slightly different from the theoretically expected values 
calculated in section 4.2. This is attributed to slight tilting of the mirror under 
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bending load, which causes the mirrored light beam to be more displaced at the 
image sensor surface than caused by the actual displacement. The derived 
equation (6) is therefore modified with the determined slopes values to 

 ∆+,====⃗ � �(∅) ∙ SX⃗e � ∆@=⃗e ! X⃗YZ_j !  cos(�G) !^_�(�G)^_�(�G) cos(�G) "
∙ `X⃗e ! X⃗YZ_iaW ! (�. ��� �. ���) ∙ �(∅) ∙ E⃗67 

(26) 

with the modified crosstalk vector (�. ��� �. ���) instead of (� �). X⃗YZ_[ and X⃗YZ_i are determined by calculating the intersection points of two linear 

functions, which are described by the two points of each pattern point before 

and after a rotation caused by a mere torsional load; see Figure 44. 

 

Figure 44: Determination of the centers of rotation for the direct and mirrored image 
segments by mere torsional load (a) for the direct image segment and (b) for the 

mirrored image segment [O3]. 

Figure 44 shows how the centers of rotation X⃗YZ_[ and X⃗YZ_i are determined by 

applying mere torsional load. Together with the center of rotations for both 

image segments, the resulting strain ∆+,====⃗  can be accurately determined 

according to equation (26). 

5.1.4 Results for multiaxial loads (��+��+��) 

Similar to the uniaxial load tests, multiaxial load tests are also performed. The 

combined load is gradually increased and decreased. With the known center of 
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rotation for the direct image segment X⃗YZ_[, in-plane displacement causing the 

load combination �6 � �7 � '8 are applied. The measured displacements ∆P� 

and ∆P� are then calculated to E6, E7, and G according to equations (3)!(5). 

Figure 45 shows the displacements occurring during this test. 

 

 

Figure 45: Calculated displacement components (E6, E7, G) when the structure is under 
multiaxial loading with (�6 � �7�'8) [O3]. 

The calculated deflections E6 and E7 and the twist angle G in Figure 45 also 

show good and linear agreement with the reference values. Compared to the 

uniaxial loads in Figure 42, a small deviation for deflection from the reference 

model can be observed. One possible reason for this deterioration is the screw 
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joint used in the prototype (Figure 40), which is suspected of exhibiting settling 

behavior under multiaxial loading of the structure.  

5.1.5 Results for multiaxial loads (�� � �� � �	 � ��) 

Following the investigation of the sensor’s behavior under multiaxial loads 

causing in-plane displacement (�6 � �7 � '8), multiaxial loads, including the 

axial force �8, are applied. In order to avoid any settling behavior in the bolts, the 

load ranges were reduced in comparison to previous tests as follows: �6 and �7 

from ± 250 N to ± 100 N, �8 from ± 3 kN to ± 1 kN, and '� from ± 65 Nm to ± 

50 Nm. After applying the whole load combination (�6 � �7 � �8 � '8), the 

measured displacements ∆P�AB are calculated to (E6, E7, G, and Δ+,). Figure 46 

shows the results for this load case. 
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Figure 46: Determined displacement components (E6, E7, G, Δ+,) when the structure 
is multiaxially loaded with (�6 � �7 � �8 � '8) [O3]. 

The calculated deflections E6 and E7 and length change Δ+, in Figure 46 show 

good accuracy and linearity to the reference values, despite a reduction of the 

loading range and, thus, of the measuring range. However, the twist angle G 

seems to have a higher deviation compared to the previous uniaxial '8 and 

multiaxial (�6 � �7 � '8) load. The results show higher deviation comparing to 

the uniaxial load case with (�2 � �0�'8) in Figure 45. The accuracies achieved 

in the three loading cases with respect to the used regression models are shown 

in Table 2. The deviations are specified as the maximum relative error related 
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to the maximum measured value for each displacement component (E6, E7, G, 

Δ+,). 

 Table 2: Models used and the achieved accuracy of the results [O3]. 

 

As can be seen in Table 2, the models obtained deviate slightly from the 

theoretical value 1 under uniaxial loads, indicating a good robustness of the 

system, in spite of simple manual assembly of the prototype. However, the 

calculated deviation varies between 2.5% and 10.43%. The displacements 

(E6,E7 Δ+,) under uniaxial and whole multiaxial loads show the best accuracy 

and almost the same deviation. The twist angle, on the other hand, shows a 

higher deviation with multiaxial loading. 

5.1.6 Sources of measurement errors 

The results shown in Figure 46 were only obtained by tightening the screws and 

simultaneously reducing the load range. Nevertheless, a deterioration in 

accuracy, especially compared to the results of the uniaxial loading case in  

Figure 42, remains visible. There was no critical observation regarding the 

image quality, for example, the disappearance of features under tensile load. 

Displacement 

component 
Model 

Max. measured 
value in µm Load type 

Max. deviation/ 

max. measured 

value 

in % 

E6 0 � 1.014 2 

 

20.65 

�6 2.58 �6 � �7�'8 9.75 

�6 � �7 � �8�'8 2.50 

E7 0 � 1.011 2 

 

20.33 

�7 4.22 

�6 � �7�'8 9.77 

�6 � �7 � �8�'8 4.71 

G 0 � 0.996 2 

 

0.242 

'8 2.45 �6 � �7 � '8 5.53 

�6 � �7 � �8 � '8 10.43 

Δ+, 
0� 1.0215 2 

 

8.22 

�8 2.66 �6 � �7 � �8 � '8 3.18 
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Due to the uniqueness of the features in their surroundings, no miscorrelation 

was suspected by the DIC algorithm. In this particular experiment, the structure 

length, respectively, the distance between the camera and the object, changed 

by only ± 9 µm, which is within the depth of field for the imaging system used. 

However, significant doubt relates to eccentric axial loading of the structure. 

Such loading will lead to non-uniform circumferential deformation of the 

structure and, hence, tilting of the carrier flanges, which can result in a 

falsification of the pattern displacement. In this case, the angle of twist would be 

strongly affected, since the pattern displacements under torque loading of the 

structure are relatively small compared to the displacements under bending or 

tensile loading. A look at the bending force and bending moment curves at 

loading cases (�6 � �7�'8) and (�6 � �7 � �8�'8) makes clear that, in the case 

of a multiaxial load combined with an axial load, no linear relationship can be 

found between the bending forces and the bending moments (see Figure 47). 

This means that the system behaves differently at each load step. Although the 

clear linearity in the load case (�6 � �7�'8) indicates a homogeneous 

deformation of the structure during the whole test, this does not seem to be the 

case in the load case (�6 � �7 � �8�'8), and a non-uniform deformation of the 

structure over the circumference due to eccentricity is assumed. 

 

Figure 47: Correlation of bending moments to bending forces in both load cases (a) 
for �6 � �7�'8 and (b) for �6 � �7 � �8 � '8. 
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As can be seen in Figure 47, the relationship between bending forces and 

bending is linear when the axial force �8 is not applied (a), and it is nonlinear, 

when �8 is applied (b). This behavior can be explained by the resulting eccentric 

axial load when applying an axial and bending load at the same time, leading to 

tilting of the measuring plane.  
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5.2 Measuring the Bending Moments and Machine 

Learning-Based Sensor Modelling  

This sensitivity to tilting of the measurement planes under eccentric axial loads 

raises the question of whether it is possible to detect the nonlinear dependence 

between bending forces and bending moments to compensate for the resulting 

measurement inaccuracy. To address this problem, the system robustness is 

firstly increasing by press-fit integration of the sensor-carrying flanges into the 

tube, preventing any relative displacement between the sensor-carrying flanges 

and the host structure under load. After that, the applicability of deploying a 

machine learning algorithm for distinguishing between the resulting image 

changing under bending force and bending moments is investigated and 

compared to the use of a decision tree algorithm.  

5.2.1 Sensor design, experimental test, and results 

To achieve a high tolerance through press-fitting, the measuring concept is 

modified to use only one mirror, as shown in Figure 48a. Compared to the initial 

sensor design, tilting the upper beam path at an angle  allows for a reduction 

in the number of mirrors needed to only one, tilted at an angle of /2 . As a 

result, the displacement of the mirrored beam p2 while a length change ∆+ 
caused by an axial force �8 is reduced by the term tan() as follows:  

 p2 � ∆+ ∙ tan () (27) 
 

In contrast to the analytical approach for describing the crosstalk behavior in 

section 4.2, the crosstalk behavior of the modified sensor design will be 

described by means of a machine learning model that can predict the load 

components from the captured images. The model will be trained by captured 

images and their reference load values. Figure 48 depicts the sensor’s design 

and its installation in the test bench. 
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Figure 48: (a) modified sensor design and (b) test bench for multiaxial loading of the 
sensor [O4]. 

As can be seen in Figure 48a, the sensor components are fixed in two thick 

discs that are press fitted into a flange-shaped metallic structure, as shown in 

[S1]. The sensor integrated flange is then fixed to the strain gauge based 

multiaxial sensor (HBM, K-MCS10-025) in a multiaxial loading test bench, and 

the loads are applied on the other side. To increase the measurement 

resolution, the lens system is designed to have a magnification factor of ' �3.4.  

5.2.2 Measuring resolution of the measuring axis 

Prior to determining the sensor behavior by means of a machine learning 

approach, the achievable measuring resolutions for each measuring axis 

(�6 , �7, �8 and '8) are determined through digital image correlation.  

The loads were uniaxially applied in the range between �67 ± 1 kN, '8 ± 250 

Nm, and �8 ± 15 kN stepwise in 20 steps in both measuring directions. Because 

of the structure’s high stiffness and the reference sensor’s low maximum torque, 

an additional torsion test is performed on a torque calibration machine with a 

torque sensor (HBM TB2 1 kNm) loaded in the range of '8 ± 1 kNm. 
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Figure 49: Results of uniaxial loads [O4]. 

As can be seen in Figure 49a and 49b, a linear behavior can be observed 

between the displacements and the bending forces. A maximum deviation of 

104 N is determined for �6 and 100 N for �7. In Figure 49c, the green boxes 

depict the load curve obtained from the developed test bench using the 

reference sensor at a torsional load ranging between ± 250 Nm. The blue circles 

depict the loads in the torque calibration system with a torsional load ranging 

from ±1 kNm. The calculated displacements show a maximum deviation of 95 

Nm. However, for the axial force �8 in Figure 49d, a linear and more scattered 

curve can be observed. Here, a maximum deviation of 3.7 kN is found. 
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5.2.3 Sensor modeling using CNN 

In order to model the system behavior under multiaxial loads, training data with 

the different load scenarios (�6, �7, �8, �6 � �7+�8, '8, �67 � '8) are collected with 

high density in the whole range. The captured images were reduced to four 

subsets: two subsets from the direct image segment and two from the mirror 

one. After selecting the color channel that provided the highest level of contrast, 

the grayscale values were normalized to between -1 and 1 to be fed into the 

CNN model [S5]. See Figure 50. 

 

 

Figure 50: Image pre-processing for the CNN model [S5]. 

As can be seen in Figure 50, the four subsets comprise quarter circles, two from 

each image segment. As discussed by Zhang on the pre-trained CNN model, 

MobileNetV2 seems to be very suitable for the underlying classification problem, 

combined with a HydraNet approach for data augmentation [S5]. 

5.2.4 Sensor modeling using decision tree regression 

An alternative method to implementing machine learning algorithms with a better 

understanding of the system behavior is using decision tree regression (DTR) 
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coupled with a displacement determination algorithm, such as DIC or CNN, as 

described in Chapter 4.5. The displacements from each of four subsets, shown 

in Figure 50, are used as the input for a decision tree regressor, which can then 

predict loads based on a pre-training phase. See Figure 51. 

 

Figure 51: Load determination using a decision tree regressor. 

Figure 51 presents the process of determining applied loads from captured 

images. Firstly, the captured images are cropped into four subsets of interest. 

Subsequently, the displacements are calculated and used as input into the pre-

trained decision tree regressor.  

5.2.5 Results 

The results of both approaches demonstrate the ability of machine learning 

algorithms to recognize sensor behavior and to accurately detect load 

characteristics from the captured images. Figure 52 shows the results achieved 

for predicting the applied load (�6, �7, �8, '6 , '7). Due to the high torsional 

stiffness of the prototype and the low torque measuring range of the reference 

sensor, as can be seen in Figure 49c, the influence of torque was not 

investigated.  
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Figure 52: Results of machine learning-based load prediction according to [S5]: (a) 
and (b) for the bending forces, (c) and (d) for the bending moments, (e) for the axial 
force, and (f) showing the non-linear relationship between the applied bending force 

and bending moments. 
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The results of load prediction for both the CNN and DTR approach in Figure 

52a–e show the DTR provided a significantly better prediction compared to the 

CNN algorithm. The prediction of bending moments and bending forces is also 

remarkably accurate despite the nonlinear relationships between the two, as 

shown in Figure 52f. In addition to improved prediction accuracy, the DTR model 

takes advantage of using the calculated 2D subset displacements as inputs, as 

opposed to the feature vector of an input subset in CNN. This characteristic 

reduces the amount of training data required compared to the CNN model. 

The table below compares both algorithms’ maximum errors in predicting loads 

as well as the deviations of the loads determined by evaluating the 

displacements under uniaxial loading shown in Figure 49. 

 Table 3: Comparing the maximum errors in load prediction for both CNN and DTR 
algorithms as well as for the DIC-based determination. 

 

As can be seen in Table 3, the errors of the DTR algorithm are very close to 

those calculated by the DIC algorithm. This shows that the DTR algorithm is 

highly accurate in recognizing the load components from the displacements and 

that the prediction accuracy is directly dependent on the pre-computation of the 

displacements. 

  

Load CNN DTR DIC-based 

�6 119.83 N 105.80 N 104 N  �7 385.66 N 101.40 N 100 N  '6 82.91 Nm 27.40 Nm - '7 43.02 Nm 28.40 Nm - �8 4.5 kN 3.5 kN 3.7 kN 
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 Examples of Industrial Applications 

After evaluating the ability of the developed multiaxial image-based sensor to 

detect multiaxial loads, this chapter emphasizes its ability for high-resolution 

detection of deformations in stiff machine elements. For this, the sensor is 

integrated into two stiff machine elements to measure their deformations under 

load.  

6.1 Sensor Bending Roll 

6.1.1 Combined bending-linear flow splitting process 

According to Groche et al., linear flow splitting is a multi-station sheet-bulk metal 

forming process allowing the continuous production of bifurcated profile shapes 

without the need for joining, or external heating [GRO18]. In the final process 

step, the profile is bent to the desired curvature by bending rolls, as shown in 

Figure 53. In this process, measuring the bending forces that occur during 

bending is essential for process monitoring and early fault detection. Although 

small variations in force can have a noticeable effect on final profile geometry, 

they cause very little significant elastic deformation of the bending roll. 

Furthermore, depending on the height of the bending radius, the direction of the 

bending force varies during the bending process. This places high demands on 

the measurement resolution of the bending force in both magnitude and 

direction. 
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Figure 53: (a) Illustration of a bending-linear flow splitting process [GRO18] and (b) 
the bending roll used in this study with its dimensions 

6.1.2 Sensor design and assembly 

The specified profile bending process requires a bending force measurement 

resolution of 100 N within a measurement range of 20 kN. Since the 

measurement focuses only on bending forces, the sensor design has been 

simplified and involves only a direct light beam. This simplification allows the 

lens system to achieve an optical magnification of ( �  !15. An Omnivision 

Ov5647 image sensor with an imaging area of 2592 x 1944 pixels and a pixel 

size of 1.4 x 1.4 µm is used. A hole with a diameter of 20 mm is drilled in order 

to install the sensor inside the pin, and the two sensor parts were adhesively 

bonded to the pin. Figure 54 illustrates the sensor integration into the bending 

roll carrying pin. 

 

Figure 54: Sensor installation inside the pin of the bending roll [O5]. 
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Once the bending forces �6 and �7 are applied, the pin is deflected marginally, 

and plane 1 is displaced downwards. The relative movements between plane 1 

and plane 2 in the 2 ! 0 plane are recorded by the image sensor, and the 

resulting displacements are then determined. Prior to its use, the sensor is 

calibrated.  

As can be seen in Figure 54, when the bending forces �6 and �7 are applied, the 

pin is slightly deflected, and plane 1 is displaced in the force direction. The 

relative movements between plane 1 and plane 2 in the 2 ! 0 plane are 

recorded by the image sensor, and the resulting displacement is then 

determined. 

6.1.3 Calibration process and the impact of clamping conditions 

One difficulty with double-sided clamped pins is that the deformation behavior 

depends on the clamping condition. The pin deflection decreases as the 

clamping force increases. Lower clamp forces, conversely, result in tilting of the 

clamped pin side (plane 2 in Figure 54). Figure 55 shows the effect the clamping 

condition has on the plane displacement of the integrated image-based sensor. 

 

Figure 55: Visualization of the displacement of the measuring plane according to the 
clamping situation [O5]. 

As shown in Figure 55, in the case of an unclamped pin, a plane tilting at the tilt 

angle  occurs, resulting in compensation of the true displacement caused by 

the translational disc shifting under load. In this case, the displacement detected 

by the image sensor p6 is less than the actual pin deflection E6. In the case of a 

tight clamping, no tilting will occur, and the plane displacement can be fully 

detected by the integrated sensor p6 � E6.  
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To investigate the influence of clamping conditions on the measurement results 

of the assembled sensor pin, the pin is loaded in four different clamping 

scenarios by applying specific tightening torques to the bolts in the clamping 

shells (0 Nm, 5 Nm, 15 Nm, and 25 Nm), see Figure 56b. Afterwards, a 

ZwickRoell Z100 tensile and compression testing machine incrementally applies 

a bending force ranging from 0 N to 16 kN to the center of the pin. The deflection 

of the pin under load is measured by the integrated sensor and two laser 

distance sensors (Keyence LK-H020) mounted externally. The central laser 

distance sensor evaluates the displacement of the pin’s middle plane, while the 

outer one measures the displacement of the entire test setup under load. The 

gathered information is combined to determine the exact deflection of the pin’s 

middle plane. The signal from the external laser distance sensor is combined 

with the reading from the central sensor. The test setup and resulting 

displacements from both the integrated and external sensors under different pin-

clamping conditions are depicted in Figure 56. 

 
Figure 56: Determination of the influence of the clamping situation on the 

measurement resolution (a) experimental setup [O5] and (b) visualization of the 
variation of the clamping force by the bolt clamping torque. 

Figure 57 presents the results of the experiment, which illustrate the 

compression force curve, the deflection measured by the laser distance 

sensors, and the plane displacements detected by the integrated sensor under 

the four clamping conditions. 
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Figure 57: Results of the experimental investigation into the influence of the clamping 
situation on the pin deformation behavior. Curves of the integrated and external laser 

sensor according to [O5] (a) and correlation between both sensors at a clamping 
torque of 25 Nm (b). 

Figure 57a shows how the amplitude of the pin deflection measured by the 

external laser sensors decreases as the clamping torque increases. In contrast, 

the deflection measured by the integrated image-based sensor does not exhibit 

this distinct change as the clamping torque increases. This is attributed to the 

significant influence the plane tilt has on the image-based sensor, as shown in 

Figure 55. At the maximum clamping torque of 25 Nm, it can be assumed that 
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no plane tilt occurs, and both the integrated image-based sensor and the 

external distance laser sensors measure the same pin deflection. In this case, 

the integrated image-based sensor can be calibrated by correlating it to the 

external sensor (see Figure 57b). At a slope of 43.8 pixels/µm, the measuring 

resolution of one pixel displacement is approximately 22.8 nm. 

  

6.1.4 In-situ calibration of the bending roll and experimental trials 

To ensure accurate measurement of bending forces during the bending process, 

it is essential to calibrate the bending roll, including the bearing and roll element, 

after it is mounted in the bending device. The calibration process involves 

applying uniaxial loads along the x-axis and y-axis directions. These loads are 

systematically applied in multiple steps within the expected maximum loading 

range, specified as �6  up to 2 kN and �7  up to 17 kN. Figure 58 provides an 

illustration of the calibration setup. 
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Figure 58: Experimental setup for in-situ sensor roll calibration (a), bending roll 

assembly and schematic illustration (b), and in (c), a picture of the calibration setup 

Figure 58 shows how the tensile force �6 is applied by pulling a wire around the 

roll using a 3D-printed adapter, thereby pulling the roll in the 2 direction. The 

force is applied stepwise by incrementally tightening a threaded rod device 

pulling the wire. A HKB tensile force sensor is built within the wire to measure 

and monitor �6. Conversely, the load in the 0 direction is realized by moving the 

second bending roll toward the first by machine control. The force �7  in the 0 

direction is measured with a HKB force washer sensor that was integrated using 

a 3D adapter. This setup allows for uniaxial and controlled stepwise force 

application in both directions. 

The results of the sensor bending roll calibration are shown in Figure 59. The 

force displacement curves exhibit a slightly quadratic behavior, which could be 

attributed to the damping effect of the built-in bearing. 
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Figure 59: Results of the in-situ bending roll calibration for �6 (a) and for �7 (b). 

After in-situ calibration of the roll, profile bending trials are carried out with 

different roll infeed positions. The bending roll deflection during the bending 

process are measured by the integrated image-based sensor in 2 ! and 0 !direction and the corresponding bending forces are then calculated based 

on the calibration curves in Figure 59. Figure 60 illustrates a schematic of the 

bending process and the measured bending forces for two different roll infeed 

positions. 
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Figure 60: Measurement of bending forces during profile bending at different roll 
infeed positions: (a) schematic of the bending process; (b) bending forces for an 

infeed position of 20 mm according to [O5]; and (c) for an infeed position of 50 mm. 

As shown in Figure 60a, as the bending roll is fed into the profile, the force 

rapidly increases before stabilizing at an almost constant force level. Here, the 

roll’s position is kept constant and its rotation during profile feed causes a wave-

shaped force curve. At the end of the bend, the force drops, as shown in Figure 

60b and Figure 60c. The bending process begins by feeding the bending roll 

into the forward feeding profile. The force curves increase with the bending roll’s 

infeed position. The forces in the direction of profile feed, abbreviated �6, are 

notably smaller than those in the forward feed direction of the bending roll, 

abbreviated �7. As the bending roll’s infeed increases, the force in the x-direction 

increases. As Taplick showed in his investigations, the resulting radius of the 

bent profile depends directly on the bending force applied by the bending roll 

[TAP16]. 
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6.2 Sensor Guidance Column 

6.2.1 Blanking tool and tool misalignment problem 

Blanking is one of the most widely used cutting techniques in sheet metal 

forming, especially for standardized production in the automotive and 

electronics industries [CAN17]. In this process, a vertically moving punch, 

mounted on a punch holding plate, descends to perform material blanking 

against a stationary lower die, mounted on a die shoe [VEN21]. Accurate 

alignment between punch and die is ensured by guiding the upper and lower 

plates with guide columns [VEN21]. Figure 61 shows a blanking tool installed in 

a Bruderer stamping press. 

 

Figure 61: Blanking tool setup in a BSTA 810 stamping press according to [MOL22]. 

As described by Hirsch, any misalignment between the punch and the die can 

affect the final product geometry or result in tool wear [HIR12]. Since these mass 

production forming processes are usually carried out on high-speed press 

machines, Hirsch stated that horizontal tool vibrations may lead to an 

indeterminate position between punches and the die. Conversely, the vertical 

movement can escalate wear due to heightened friction forces between the 

blanked surface and the lateral area of the punches [HIR12]. In his investigation, 

Kraus emphasized a correlation between tool vibration, increased relative tool 

movement, and resulting tool wear [KRA18]. 

Assuming that any relative lateral movement between the upper and lower die 

plates caused by an unbalanced workpiece in the forging process will result in 

a certain deflection of the guide column, Kim et al. demonstrated how this 
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deflection can be detected by measuring the resulting stress condition at the 

column clamp via sensor bolts [KIM18].  

In the context of validating the image-based deflection sensor, the sensor is 

similarly integrated into a guide column in order to measure the deflection that 

occurs when the upper plate tilts. 

6.2.2 Sensor assembly experiment setup  

Since the guidance column can only be subjected to bending loads, a sensor 

design to measure only in-plane displacement is installed. For this reason, one 

of the guidance columns (length 280 mm and diameter 38 mm) is drilled to have 

an inner hole with a diameter of 22 mm. The lens system is designed to achieve 

an optical magnification of ( �  !13. In contrast to earlier sensor 

configurations, the current setup involves mounting a lens on the LED side 

rather than the image sensor side. This adjustment facilitates improved light 

focus on the sensor over longer distances. See Figure 62. 

 

Figure 62: Sensor installation inside the guidance column 

The sensor guidance column is mounted on the left of the front side of the 

blanking tool shown in Figure 62. After the column was pressed into the lower 

plate, calibration is performed by applying loads to the top of the column in the 

x and y directions. This resulted in a displacement of 1 px, corresponding to 1.8 

µm. To evaluate the ability to measure possible tool deflections due to possible 

lateral motion between both tool plates or upper plate tilting, the upper plate is 

artificially tilted by inserting thin sheet strips with different thickness to the left 

and right side of the upper plate. The tool’s top plate is then clamped tightly to 

the press ram. The ram is then moved up and down without blanking a 

specimen, so that only the effect of column deflection under upper plate tilting 
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is measured. Figure 63 shows the assembly of the sensor guidance column in 

the blanking tool and visualizes the resulting tilting moment '7 when a sheet is 

inserted on the right side of the column. 

 

Figure 63: Assembly of the sensor guidance column within the blanking tool. Column 
bending moment '7 induced by the tilt on the right side of the upper plate during the 
vertical plate motion along the column 

As shown in Figure 63, inserting the red metal strip between the upper plate and 

the press ram causes the plate to tilt by an angle |, which can be calculated 

from the sheet thickness and the distance between the column and the strip 

insertion position +n as follows: 

In the blanking process, the upper plate moves up and down the column through 

brass ball cages, so the tilting of the upper plate creates compressive forces �r 

that are transmitted to the column through the balls, resulting in a bending 

| � arcsin (∆.+n ) 
(28) 
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moment '7, as shown in Figure 63. Inserting the flat steel strips on the right 

side of the column results in a positive moment '7 and a positive deflection in 

the x-axis. Conversely, inserting on the left results in a negative '7 and a 

negative deflection in the x-axis. The distance +n from the insertion position to 

the guidance column is 130 mm on the left side and 355 mm on the right. This 

difference in distance results in different tilt angles for the same strip thickness. 

Table 4 shows the sheet thicknesses used for validation and the corresponding 

column tilt angles for both insertion positions. 

Table 4: Sheet thicknesses and the corresponding column tilt angles 

 

During the validation process, three strokes were performed at each tilt angle, 

with each stroke taking 60 seconds. The column deflections were measured and 

evaluated. 

6.2.3 Results 

The results in Figure 64 demonstrate how very small tool tilts can be detected 

with distinct and good reproducible deflections; see Figure 64b and Figure 64c.  

The high measuring resolution of the integrated image-based sensor allows the 

detection of a column tilt angle as small as | � 0.001614°, as shown in Figure 

64b. Additionally, a small column deflection is detected without any upper plate 

tilting, indicating a tilted column assembly into the lower plate (curve for 0mm in 

Figure 64a). The observed step-shaped column deflection is due to the fact that 

when the guide bush moves up and down over the rolling balls, the contact 

points with the column move outwards with each new ball contact, resulting in a 

Sheet thickness Tilt angle left Tilt angel right 

0.01 0.004407° 0.001614° 

0.1 0.04407° 0.01614° 

0.25 0.1102° 0.04035° 

0.5 0.2204° 0.0807° 

1 0.4407° 0.1614° 
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longer lever arm and, thus, higher bending moments. See the illustration in 

Figure 63. Although the tilting on the left side is greater than on the right side, 

the deflections on the left side have slightly smaller amplitudes. This is due to 

the deeper-reaching clamping tool on the left side, which can result in non-linear 

plate deformation, thereby reducing the resulting column tilt. 

 

Figure 64: Curves of column deflection under all tilt variations. (a) Averaged curves of 
all variations for right (top) and left (bottom). Curves of the three repetitions, including 

the average curve for a tilt to the right of | � 0.001614°, (b), and | � 0.1614°, (c)
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 Sensor Integration by Rotary Swaging 

To ensure the reliability of our image-based sensor’s measurements, the 

required positional accuracy of the two sensor parts to each other is important, 

as well as a reliable connection to the host structure under all expected loading 

conditions. During sensory functionality validation on various prototypes, the 

sensor-carrying discs are mounted into the host structure by screwing (section 

5.1), press-fitting (5.2), and, finally, adhesive bonding (5.3). 

Investigations into sensor integration into host structures through forming have 

highlighted several beneficial aspects, such as the capability to force and form-

fit sensors joining into metallic structures, as discussed in [O1]. In particular, 

previous studies at the PtU on sensor integration by rotary swaging have shown 

a high degree of flexibility in controlling the sensor properties during the forming 

process. 

However, all previous studies on sensor integration by means of forming 

technologies so far have been limited to the integration of electromechanical 

transducers, where a target stress condition of the integrated sensor within the 

host structure is the most important aspect for a successful sensor integration 

process. Conversely, the optical non-contact sensor concept presented here 

requires a high degree of positional accuracy when integrating the sensor into 

the structure in order to ensure its functionality. 

In the process of sensor integration by rotary swaging, a diameter reduction of 

the tubular structure is performed, while the sensor bearing discs are positioned 
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within the structure and fixed by mandrels. This results in joining the discs within 

the structure, as illustrated in Figure 65. 

 

Figure 65: Visualization of a possible process design for sensor integration by rotary 
swaging. 

As visualized in Figure 65, the two discs will be fixed by two mandrels at certain 

positions. However, it is possible to integrate the two sensor-carrying discs in 

sequence. To ensure successful sensor integration, the following objectives are 

set for the joining process: 

1. Ensure high positional accuracy between the two sensor parts with respect 

to each other. 

2. Achieve a reliable and backlash-free joint under all expected load conditions 

of the sensor structure in the use phase. 

3. Ensure damage-free joining of the sensitive optical element. 

Joining a disc within a hollow structure by reducing the inner diameter of the 

hollow structure poses a buckling problem. The radially-acting compressive 

forces on the disc during tube diameter reduction could cause sudden buckling 

of the disc. This, in turn, gives rise to axial-acting forces that significantly affect 

the positioning accuracy of the disc inside the structure. In addition, the carrier 

disc is only fixed in the structure by a force-fit connection. Furthermore, the high 
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radial forces acting on the workpiece can damage the sensitive optical elements. 

To meet the derived objectives, a special joining partner and joining process 

design must be developed for the rotary swaging process. This chapter presents 

the developed process design, as well as the results of numerical and 

experimental investigations. 

7.1 Process and Joining Partners Design 

An approach for meeting established objectives is to accomplish a reliable form- 

and force-fit disc joining within the structure with a low joining force. The carrier 

disc is designed to have two primary regions: a relatively rigid core, which acts 

as a mounting base for optical elements and ensures no deformation during 

joining, surrounded by a thin, easily deformable rim. Internal teeth inside the 

tube aid the initial penetration of the thin rim into the tube with minimal joining 

force required, locking the disc in position within the teeth. As the diameter 

decreases, the disc continues to penetrate the toothed structure. The increase 

in contact area between the disc edge and the tooth structure results in 

increased compressive stress and, thus, elastic deformation of the thin rim. This 

generates a force-fit connection in addition to the form-fit. Figure 66 

demonstrates this approach. 
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Figure 66: Joining partner and joining process design approach [O1]. 

As shown in Figure 66, the sensor elements are mounted at the center of a disc 

consisting of a rigid core and a relatively thin rim. The tube, conversely, is 

preformed to have teeth at a predefined position. A mandrel is used to position 

the disc inside the tube and hold it in place during the rotary swaging process. 

During the joining process, the stiffness ratio between the disc and the toothed 

tube determines the ratio between the form- and force-fit joining. Increasing the 

number of teeth promises to increase the disc stability inside the tube during the 

joining process and prevent any tilting. However, it will increase the force 

required to penetrate the teeth and reduce the degree of the form-fit joining. A 

similar behavior can be observed when increasing the disc’s rim thickness. Both 

the material and the geometry define the stiffness ratio between the two joining 

partners, and thus the joining formation.  
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7.2 Numerical Process Simulation 

The influence of the rim geometry and the number of teeth on the ratio of form-

fit and force-fit joints is obtained by numerical simulation. Table 5 shows the 

chosen material for both joining partners and the parameter variation for the 

numerical simulation, as well as the tooth geometry. 

Table 5: Material and parameter variation for both joining partners. 

 
To avoid early plastic deformation of the rim during penetration into the tooth, 

the pin is made of 1.2379 steel with a high yield strength (u7= 420 MPa), while 

the tube is made of S355J2G3 with a lower yield strength (u7= 355 MPa). In the 

numerical simulation, two variants for the rim edge – chamfered and non-

chamfered – were considered. The number of teeth is also varied between 4, 6, 

and 8; see Table 5. 

7.2.1 Preliminary simulation and basics of model parameters 

Due to the high deformation of the teeth during disc penetration, optimizing the 

mesh shape and mass scaling is needed to improve simulation accuracy. In a 

typical Abaqus mesh algorithm, the inner elements become small and triangular 

in the shape of a tooth. At larger deformations, the elements become entirely 

flat, which results in simulation abortion. In order to avoid this problem, the 

internal nodes must have a specific distribution to avoid the creation of very 

small elements, as has been investigated by Heck [S6]. Furthermore, the 

Arbitrary Lagrangian-Eulerian algorithm for remeshing (ALE) is used to create a 

more uniform aspect ratio within the mesh. Figure 67a and Figure 67b show the 
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simulation parameters and the resulting deformation behavior during the joining 

process. 

 

 

Figure 67: Preliminary simulation and basic model parameters: (a) simulation 
parameter settings and (b) achieved disc penetration behavior [O6]. 

The difference in materials allows the tooth to undergo plastic deformation 

earlier, making it easier for the rim to penetrate. As the rim approaches the 

bottom of the tooth, compressive stress increases, causing the rim to deflect; 

see Figure 67b.  

This finding lead to the design of a 3D segment of the tube, 5 mm thick and 5 

mm high, which allowed the simulation of the joint formation region with minimal 

computational time. The modeled tube section includes a variable number of 

teeth, the carrier disc, and the four tools. The simulation model is also set up for 

torsion-free rotary swaging of the tube, so that rotation of the workpiece only 

occurs when the forming tools are open. Since the quality of the joining process 

and the resulting positioning accuracy of the integrated disc depend on the rim’s 

penetration behavior into the teeth, a full model is used instead of a quarter or 

half model to avoid potential compromises in accuracy. Figure 68 illustrates the 

model setup and the motion kinematics of the tools. 
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Figure 68: Model setup for simulating (a) design parameters and (b) tool kinematics 
[O6]. 

As shown in Figure 68a, the tools strike the tube with the disc located inside and 

rotate after the strikes are released. The radial tool’s position and angle of 

rotation can be observed in Figure 68b. The process has only three stages. In 

the first forming stage, the tube’s diameter is decreased by 3 mm over the 

course of 10 forming strokes. To ensure uniform stress distribution between the 

disc and the tube, a sequence of four calibration strokes is performed without 

further diameter reduction. The initial boundary condition that held the disc in 

place is released during the springback step at the end of the forming process. 

7.2.2 Investigating the effect of rim geometry 

As demonstrated in Table 1, the influence of rim edge geometry is investigated 

by comparing two main variants: a chamfered and a non-chamfered rim edge. 

The non-chamfered variant has a contact area that is twice as large as that of 

the chamfered variant. Therefore, it is expected that a higher radial joining force 

will be required, and a lower penetration depth will be achieved in this case. 

However, the evaluation of the penetration depth shows that the chamfered 

edge achieves only about 10% higher penetration depth (Figure 69a) and about 

3% lower maximum radial stress (Figure 69b) compared to the non-chamfered 

edge. Nevertheless, a significant difference can be observed in the axial 

deflection behavior of the two rim geometries shown in Figure 69c. 
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Figure 69: Effect of the rim edge geometry on the joining process (a) on penetration 
depth; (b) on the radial joining force. Evaluation of the axial edge deflection: (c) axial 

edge deflection over the whole disc circumference, and (d) visualization of the 
influence of the chamfer on the force distribution at the rim [O6]. 

As depicted in Figure 69c, both disc variations exhibit a wave-like axial 

deflection characterized by peaks at the teeth, a consequence of disc 

penetration. Notably, the chamfered variant displays considerably higher peaks. 

The elevated alternate rim deflection between toothed and non-toothed areas 

indicates a more substantial axial grip within the teeth for the chamfered disc. 

Both disc variations experience nearly identical radial and axial forces, where 
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the radial force arises from radial forming tools, and the axial force results from 

material flow in the axial direction. However, the chamfered rim variant displays 

increased axial deflection due to its chamfered geometry, as illustrated in Figure 

69d. Given the greater penetration depth and the consequent rise in alternate 

axial rim deflection, the subsequent investigations focus on the chamfered disc 

variant.  

7.2.3 Investigating the effect of the number of teeth 

Increasing the number of teeth obviously increases the contact area between 

the teeth and the disc, thereby increasing the required joining force and 

decreasing the achievable penetration depth. To investigate the effect of the 

number of teeth on joint formation, the number of teeth is varied between 4, 6, 

and 8 in the following tests. The chamfered edge disc is used in this variation. 

The simulation results show no significant differences in the depth of penetration 

of the disc, Figure 70a, or in the level of radial stress, Figure 70b. 

 

Figure 70: Effect of the number of teeth on the joining process (a) on the penetration 
depth at the teeth, and (b) on the radial stress distribution at the disc [O6]. 

However, the results indicate that increasing the number of teeth appears to 

result in an unsymmetrical penetration of the disc into the teeth as well as an 

inhomogeneous distribution of radial stress on the disc. The radial stress 

distribution appears to have four distinct amplitudes regardless of the number 

of teeth. To clarify this behavior, both the disc penetration and the radial stress 

evolution during the rotary swaging process were analyzed.  
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The average penetration of all teeth (blue curve) and the deviation in tooth 

penetration (error bars) are shown in Figure 71a for the three cases. It can be 

observed that in the case of four teeth, there is a linear evolution of the disc 

penetration at almost the same level in all teeth. However, in the case of 6 and 

8 teeth, the penetration becomes less linear and shows a significant deviation 

between the teeth. This deviation is even more pronounced in the case of 6 

teeth, and the progression of the penetration appears to be more non-linear.  

The reason for this behavior has been identified as radial force propagation from 

the tools into the tube during the rotary swaging process. Since only four 

oscillating tools are hitting the tube at a time, some of the teeth are outside the 

path of the acting radial force. At this point, the tube material begins to flow into 

the unstressed gap between the tools, releasing the previously applied radial 

stress. Figure 71b illustrates the material flow at three teeth for the case of 8 

teeth during one forming increment. 

 

Figure 71: Formation of the joint during tube rotary swaging: (a) disc penetration in 
the last three increments for each variation; and (b) axial material flow at the teeth 

during the swaging process [O6]. 

As can be seen in Figure 71b, the axial material flow, represented by the U3 

component in the simulation, is noticeably higher on the teeth between the gaps 
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than on the other two teeth in the loading area of the tools. This alternating 

reduction of the previously established radial stress by incremental tool impact 

and workpiece rotation explains why the resulting stress distribution follows the 

same pattern regardless of the tooth variant.  

Although this typically has less effect on the roundness and surface finish of 

rotary swaging parts, it does introduce a bias in the radial stress generated 

between the disc and die. To mitigate this problem, the teeth should ideally be 

arranged to remain within the effective tool area despite the tool rotation. 

 

7.2.4 Experimental investigations 

Preliminary trials  

To pre-teeth the tube, a mandrel with toothed cavities is inserted into the tube 

during rotary swaging. As rotary swaging proceeds, the material flows into these 

cavities, forming the internal teeth. For experimental validation, the tube is pre-

toothed with 8 teeth to enhance radial stress with a more uniform stress 

disturbance, as opposed to using 6 teeth, as shown Figure 71a. Figure 72 

displays a cross-section of the resultant tooth geometry. 

 

 

Figure 72: Cross section of pre-formed tooth geometry [O6]. 

After toothing the tube, discs are mounted on a mandrel and positioned within 

the pre-toothed section. The tube diameter is then reduced by infeed rotary 

swaging, causing the disc to join inside the tube. To enable movement after the 

initial disc penetration and prevent excessive rim deflection, the mandrel used 

to hold the disc is allowed to move axially. To achieve this, the mandrel is guided 
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axially by the clamping fixture and preloaded by a spring to prevent any 

movement prior to penetration, as shown in Figure 74a. Finally, the quality of 

the joint is visually evaluated using metallographic cross sections. Both the 

penetration depth and the deflection of the disc are evaluated as characteristics 

of the form- and force-fit joint. To prevent springback during cutting, specimens 

are fully embedded in resin. Figure 73a shows an example of two successfully 

joined discs at a distance of 80 mm. As can be seen in the cross-section image 

in Figure 73b, the disc undergoes a deflection of 1.1 mm and a penetration depth 

of 0.35 mm.  

 

 

 

Figure 73: Successful disc integration. (a) Integrated disc inside the tube and (b) 
deformation behavior compared to the simulation [O6]. 

 



Sensor Integration by Rotary Swaging 

110 

Evaluation of the positioning accuracy of the two discs, integrated with a 

specified distance of 80 mm to each other, resulted in a distance of 79.6 mm. 

Additionally, a total disc tilt of 0.8° with respect to each other is observed after 

joining [S6]. 

Sensor integration 

After successfully integrating the discs into the tube, as shown in Figure 73, the 

sensor components were adhesively bonded onto the discs. The sensor is 

designed to measure only in-plane displacement caused by torsional and 

bending loads. To enhance robustness against disc deformation, the diameter 

of the disc core is increased from 10 mm to 15 mm in comparison to the previous 

investigation. After pre-toothing the tube, the discs with the mounted sensor 

components were screwed to a mandrel and positioned inside the tube. During 

subsequent diameter reduction by recess rotary swaging, the two discs with the 

sensor components were sequentially integrated. Figure 74a and 74b 

demonstrate the integration process. Figure 74a shows how excessive disc 

deflection caused by axial material flow is prevented by allowing the disc to 

move axially. Figure 74c illustrates a successfully integrated sensor inside the 

tube. The lens tube shown here refers to the system design where the lens is 

mounted directly behind the photomask to focus the pattern image onto the 

image sensor. All components, LED, photomask, and lens are then assembled 

into a tube called the lens tube. 
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Figure 74: Sensor integration into the tube through recess rotary swaging. (a) 
Visualizing the joining process; (b) photo of the sensor-carrying disc screwed to the 

mandrel [O6]; (c) both sensor components integrated into the tube. 

Non-destructive evaluation of the joint quality 

The sensor tube is undergoing a non-destructive evaluation of the quality of the 

joint. The tube is subjected to static bending and torsional loading on testing 

machines, where the loads are both detected by the integrated sensor and by 

the testing machine sensors. Inadequate joint quality would result in hysteretic 

behavior or in a zero-point shift in the sensor signal. The tube is stepwise loaded, 

with a bending force of 1500 N, and a torsional load of 300 Nm is detected by 

the integrated sensor. During the bending test, the load is applied at the midpoint 

between the two integrated discs. Figure 75 shows the achieved results. 
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Figure 75: Sensor behavior under (a) torsional load and (b) bending load [O6]. 

As can be seen in Figure 75, both sensor signals show hysteresis-free and zero-

point stable behavior, confirming a successful integration.  
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 Conclusion and Future Work 

8.1 Conclusion 

In the context of Industry 4.0, automated processes require a greater focus on 

data collection to control forces and moments in various manufacturing 

processes. Measuring process forces and moments facilitates not only the 

implementation of control strategies but also increases the accuracy of detecting 

specific product characteristics. Moreover, sensors are increasingly utilized in 

the implementation of digital approaches, such as structural health monitoring 

or predictive maintenance. Limited accessibility, error-prone measurement 

locations, or harsh environments typically prevent the use of external sensors 

for the accurate measurement of load conditions in manufacturing machines or 

mechanical structures. 

Integrating sensors into mechanical components and machines enables direct 

load measurement on the host structures while preserving their mechanical 

functionality. In recent research, various processes have been investigated to 

integrate electromechanical transducers, such as strain gauge-based or 

piezoelectric transducers, into passive metallic structures. In particular, joining 

by forming technologies have shown significant capability for damage-free and 

controlled sensor integration. However, the design requirements for 

electromechanical sensors in the joining process have restricted the sensor 

structures created by forming technology to the measurement of uniaxial or 

biaxial force or torque.  Additionally, the high cost of sensor components results 

in expensive sensor structures and machine elements. As a result, despite their 

major potential, the widespread implementation of these sensor components 

has not been accomplished. 

This thesis presents the principles for the creation of multiaxial sensor load-

bearing structures and machine elements based on a simple, optical, non-

contact, image-based measurement concept. The introduced measurement 

concept for high-resolution multiaxial measurement of resulting structural 

deflection under load demonstrates the potential to overcome existing 

limitations in the creation of sensor structures and machine components. 
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Furthermore, the design parameters for determining the target measurement 

resolution and a comprehensive sensor configuration strategy were presented. 

Although the analytical approach demonstrated feasibility in determining load 

components, its high sensitivity to sensor assembly deviations and the need for 

precise determination of the center of rotation represents a significant drawback. 

To overcome this shortcoming, a DTR algorithm with pre-calculated 

displacements has shown considerable potential for recognizing sensor 

behavior and accurately identifying load components. In addition to the 

adjustable measurement length and optical magnification, it was also shown that 

the image quality significantly improves the measurement resolution.  

Through experimental evaluation using diverse prototypes, the concept 

demonstrates its ability to accurately detect multi-axis loads from a single image 

capture. The DTR algorithm allowed for an increase in measurement axes from 

four to six in cases where a nonlinear relationship between bending forces and 

bending moments occurred.  

The sensor evaluation under industrial-related conditions using the sensor 

bending roll shows exceptional measurement resolution for the applied bending 

forces in both directions and magnitude, reaching the nanometer range. These 

findings were confirmed by the sensor validation using the guidance column. 

Here, the results show that the high-resolution measurement of the guidance 

column deflection in a blanking tool offers new possibilities for the detection of 

small tool misalignments. This allows for new approaches to detecting 

anomalies, especially in scenarios involving repeated tool installations with non-

exact clamping conditions, as Kraus et al. showed the direct effect of different 

tool clamping conditions on tool vibration [KRA17]. 

The investigations on sensor integration by rotary swaging have demonstrated 

the possibility of integrating highly sensitive optical sensors with the high 

positioning accuracy required using rotary swaging. The investigations have 

demonstrated the possibilities offered by appropriate design of the joining 

parameters and the joining process. In addition, it has been shown that the 

number of tools and the contact area during rotary swaging have a direct effect 

on the distribution of radial stresses in the integrated disc. When a tooth is 

located in the gap between the tools during a forming increment, the axial 

material flow at that point results in a partial reduction of the previously 

generated radial stress. As the tube rotates and the gap between the teeth 
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changes, non-linear radial stress is imposed that increases with the depth of 

penetration. Successful disc integration was achieved by allowing axial 

displacement of the disc after the initial penetration and applying recess rotary 

swaging. Given the appropriate process design, a successfully integrated 

sensor for measuring bending force and torque shows full functionality with no 

hysteretic sensory behavior. Integrating the original sensor design, including 

built-in mirrors to measure changes in measuring length under axial load, was 

not feasible due to perceived process variations. As discussed in [O6] and [O7], 

the high accuracy required for sensor integration through forming can be 

achieved using flexible forming machines, such as the 3DSP [GRO17b]. 

However, this may result in a complex process design, conflicting with the goal 

of cost-effective production of sensor-bearing structures and machine elements.  
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8.2 Future Work 

A potential solution is to enhance sensor robustness by modifying the sensor 

design in a way that eliminates mirroring of the critical beam path, for example, 

by tilting the beam path and adding another image sensor for axial load 

detection. Figure 76b shows this approach compared to the initial sensor design, 

shown in Figure 76a. 

 

Figure 76: Sensor design to increase sensor robustness during assembly 

As can be seen in Figure 76b, the red beam is tilted at angle  and reaches the 

horizontally mounted image sensor. The tilt angle is given in relation to the 

measurement length +, and the sensor height ℎ, which is proportional to the 

inner diameter of the structure, as follows: 

Higher angle results in better image quality, would require however, larger 

system height or inner diameter. In this case a focusing lens on the side of the 

 � arctan ( ℎ+,) 
(29) 
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photomask is recommended, to sharply adjust the image quality at the image 

sensor. Furthermore, the flexible photomask design facilitates a reduction in 

image distortion, e.g. targeted application of image correction algorithms, such 

as the use of vertical edge detection for tilt correction, as shown in [ALG08]. The 

different colors of the light paths ensure that each image sensor captures only 

the light path assigned to it. 

In addition to the achievable measurement resolution, which was a particular 

focus of this work, a key aspect of any sensor is its measurement accuracy. 

Similar to strain gauge-based sensors, the accuracy depends on several factors 

such as the calibration process and the performance of the electronics used. 

However, for image-based sensors, the image processing algorithms play a 

significant role in achieving high measurement accuracy. This is linked to 

achieving illumination stability over the sensor's operating time to ensure 

constant image quality and, in turn, accurate image processing. 

The highly sensitive detection of slight guidance deflection in blanking tools 

offers the potential for real-time identification and correction of any tool 

misalignment during installation. Assuming that the ram guidance system 

overtakes the tool guidance right after tool clamping within the machine raises 

questions about the role of tool guidance both during the installation and 

operation phases and about the potential for size optimization of the currently 

oversized tool guidance systems. 
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Formula symbols and abbreviations 

Formula characters, Latin letters 

Character Unit meaning 

∆2, ∆0, ∆. mm Translational Displacement 


� mm/s Infeed Speed Rotary Swaging 

���� Hz Frequency of Workpiece Rotation 

��� Hz Swaging Frequency 

�M - Lens Refractive Index 

� mm Lens Radius of Curvature 

� - Lens Focal Point 

� mm Lens Focal Length 

� - Lens Principal Plane 

w - Object Plane  

  - Image Plane  

# 
mm Distance Between the Object Plane  w  and Lens 

% 
mm Distance Between the Lens and the Image Plane B 

( - Optical Magnification Factor 

+, mm Measuring Distance 

<=⃗ ? - Vector of Calibrating Coefficients 

@M - Evaluation Point on Object Surface 

'F Nm Torsional Load 

'6 , '7, '8 Nm Moments 

�6, �7, �8 N forces 
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I⃗ - Two Point Connecting Vector 

X⃗\ - Initial Position of Evaluation Points  @M 
X⃗YZ_[ - Center of Rotation on Mirrored Image Segment 

X⃗YZ_i - Center of Rotation on Direct Image Segment 

∆+, mm Distance Change of Measuring Distance +, 

+ mm Length 

+n mm Distance between two Positions 

o mm Outer Diameter 

p mm Inner Diameter 

v N/m² Young's Modulus 

w mm² Cross-Sectional Area 

xr mm³ Bending Section Modulus 

{67 mm4 Product Moment of Area 

xn mm³ Torsional Section Modulus 

} N/mm² Shear Modulus 

#~X 
mm Arc Length of the Angle of Twist G at the Inner 

Diameter p ^n - Subpixel Registration 

^ mm Measuring Resolution 

w� mm² Image Sensor Area 

p6 pixel Detected Displacement   

U3 mm Axial Material Flow 
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Formula character, Greek letters 

Character Unit meaning � ° Angle of Rotation per Stroke Rotary Swaging 

1 ° Angle, Rotational Displacement  

G ° Angle of Twist 

∅ ° Angle of Rotation of Border Line Between Direct 
and Mirrored Image Segments 

| ° Angle of Tilt  

E⃗CD mm Plane Deflection In 2 ! 0 Plane 

qr µm/m Bending Strain 

qs µm/m Normal Strain 

qt µm/m Torsional Shear Strain 

u MPa Stress  

ur MPa Bending Stress 

qr,y µm/m Bending Strain at Inner Diameter p 

qt,y µm/m Shear Torsional Strain at Inner Diameter p   

u7 MPa Yield Strength 
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Abbreviations 

Abbreviation Meaning 

DIN German Institute for Standardisation  

LED Light-Emitting Diode 

MRI Magnetic Resonance Imaging 

ICs Integrated Circuits 

OMA On-Chip Micro-Lens Array 

RGB RGB Color Filter 

CFA CFA Color Filter 

CCD Charge Coupled Device 

CMOS Complementary Metal Oxide Semiconductor 

DIC Digital Image Correlation 

FFT Fast Fourier Transform 

MEMS Microelectromechanical Systems 

CNN Convolutional Neural Networks 

ANN Artificial Neural Network 

GAN Generative Adversarial Network 

3D Three Dimensions  

2D Two Dimensions 

NCC Normalized Cross Correlation 

NSSD Normalized Sum Square Difference 

F-CNN First Level CNN Algorithm  

S-CNN Second Level CNN Algorithm  

T-CNN Third Level CNN Algorithm  
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DTR Decision Tree Regression 

ALE Arbitrary Lagrangian-Eulerian 

 


